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Reinforced fiber polymer composites are a class of materials that are composed of
multiple constituents that work together to create a material specific for applications. By
combining different fibers and matricies, laminates can be created that meet demands for
high specific stiffness, damping specifications, and electrical resistance. However, their
internal complexity subjects them to a number of internal failure modes that have the potential to fail the laminate. Those failure mechanisms are fiber breaking, microcracking in
the matrix, debonding of the fibers from matrix, and delamination of ply layers. To assess
these failures, nondestructive evaluation methods have been developed to detect internal
damage before catastrophic failure occurs. This dissertation investigates an in-situ magnetostrictive based nondestructive method for monitoring delaminations in carbon fiber
reinforced polymer laminates by using embedded Terfenol-D particles. The objective is
to characterize how laminate ply count and delamination presence affect sensing through
the mechanical and magnetic parameters that influence the induced voltage or sensing sig-

nal. In addition, the effect of magnetostriction on the formation and propagation of cracks
on the sensor boundaries are also investigated. Methods used to characterize this behavior
involve experimental testing, analytical, and numerical modeling. From the results, a threedimensional finite element analysis model reveals how the sensor interacts mechanically
with the host structure through lower stresses in the delaminated region due to the absence
of adhesive forces. The stress variation results in a local magnetic permeability change
which influences the induced voltage. The experimental nondestructive testing show that
the key parameter influencing the sensing signal for this setup was the particle density,
which is controlled by fabrication process. An attempt to analytically model the experimental sensing signal with a first order differential equation using a multi-step process was
successful, but there is poor correlation with the experimental results. Finally, analytical
mechanics are developed to evaluate the interlaminar failure under a magnetostrictive stress
of 55MPa, and was found to not cause interlaminar failure or delamination propagation in
Section-A.
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CHAPTER 1
INTRODUCTION

1.1

Executive Summary
The aim of this research is to investigate the nondestructive testing method employing

Terfenol-D particles as embedded sensors in damaged carbon fiber laminated beams. The
investigation explores nondestructive sensing for delaminations in carbon fiber reinforced
polymer (CFRP) beams by testing fabricated specimen with varying laminate ply counts,
two sensor distribution techniques, and observing the resulting induced voltage or sensing
signal. Finite element analysis is employed to understand the stress distribution within
the Terfenol-D layer, resulting from a local delamination presence. A first order differential equation model is proposed to understand the parameters influencing the sensing
results. Interlaminar mechanics are also developed to determine if magnetostrictive forces
can cause or propagate delaminations. This research is being done to understand the mechanisms that trigger sensing and how they interact with the laminate structure to improve
the reliability of sensing using magnetostrictive sensors in carbon fiber laminates. It serves
to advance the understanding of what parameters influence sensing and how the embedded
sensor affects the overall laminate integrity.
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1.2

State of the Art
A need to nondestructively inspect carbon fiber reinforced polymer composites for in-

ternal damage is needed to assess the structural integrity as well as estimate the remaining
life of a composite structure. Over the lifetime of a structure, it will encounter loads that
will create damage mechanisms. Common damage mechanisms that result in failure for
composite materials are debonding, matrix cracking, delamination, and fiber breaking [1].
The inspection technique investigated focuses on delaminations, which can result from
poor manufacturing method [31] as well as loading conditions, such as low energy impact
loads [47], and in-plane shear from compressive loads [64]. Nondestructive techniques that
exist, for composites, to find these mechanisms before failure are acoustic emission, ultrasonic, x-radiography, thermography, and laser shearography methods [1]. Each of these
techniques have varying proficiencies for discovering different damage types, with no one
method to find them all. Embedded methods, such as those using fiber optic [36][38] and
magnetostrictive sensors [27] inside fiber structures, are being developed to enable structures with the ability to monitor damage in operation. The magnetostrictive method uses
Terfenol-D embedded into or onto the surface to interact with the mechanical state of the
host structure and relay information through changes in the magneto-mechanical properties
[10]. This method is suited for delamination because it takes advantage of the difference
in inter-ply adhesion between an area with and without a delamination. This allows variation in magnetostriction, which produces differing magneto-mechanical properties along
the sensor.
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The magneto-mechanical transducer used in this paper, Terfenol-D, is a giant magnetostricting material that was developed at the Naval Ordinance Laboratory for use in
sonar applications [29]. General characterization of the magneto-mechanical properties
of Terfenol-D was conducted by Clark [15] and Butler [9] who characterized the material
through magnetostriction curves at different pre-stress loads and magnetic permeability,
which are needed for applications of the material. While Clark developed the linear constitutive equations that couple the magnetic and mechanical fields, Wan [65], Carman [11],
and Krishnamurthy [33] developed nonlinear constitutive relations that approximate the
coupled behavior exhibited in experimental testing. Sandlund also characterized magnetostriction as well as the elastic moduli, and coupling factor for Terfenol-D [53]. Dapino
statistically characterized magneto-mechanical properties, which allowed polynomials to
be used to model properties like the elastic modulus and coupling factor as a function of
magnetic field [18].
Using a magnetostrictive material as a sensor requires a setup that can interact with the
host material without contact. A roland ring is an experimental measurement technique
used to determine the magnetic induction in the core and establishes the basic circuitry
for experimental testing. This method allows magnetic properties to be determined nonintrusively. When using a magnetostrictive core, the magnetic induction is coupled with
magnetostriction, which allows the magnetic and mechanical states to interact with each
other. This attribute has been used by Flemming who developed a non-contact torque
sensor, where the shaft is part of the magnetic circuit [25]. This allowed the change in
stress of a shaft to be measured. Through the change in stress, the magnetoelastic prop3

erties change and can be correlated to changes in torque [24]. Similarly, a non-contacting
magnetostrictive strain sensor (NMASS) circuit was developed by [32] to sense strain in
a ferromagnetic strain element. Their results showed that a non-contact circuit could be
used to correlate stress/strain variations to changes in the voltage induced in the sensing
coil. The use of Terfenol-D as an embedded sensor in CFRP was explored by Weisensel
[66] and found to respond to internal damage in his specimens. Krishnamurthy [33] also
explored the use of magnetostrictive particles embedded into a laminated beam for delamination sensing and used a noncontacting based apparatus for excitation and sensing. Chen
[13] explored a variation in the sensing circuit setup an developed a single sided sensing
apparatus, which improved the practicality of this method. Giurgiutiu [27] experimentally
validated that there was a variation in the sensing signal when a delamination is present.
Tan [63] also conducted an experimental investigation using magnetostrictive patches for
health monitoring. Most of the research using magnetostrictive sensors for composites
use external thin film sensors, however, a move toward in-situ particle sensors was made
because it allows access to curved surfaces in the structure for the sensors. So, the characterization of particle sensors was needed. Kaleta [30] explored the difference in magnetostriction magnitude using Terfenol-D in bulk form and particlute forms in a matrix at
varying volume fractions. His results showed that using particles reduced the magnitude of
magnetostriction. Rodriguez found that orientation of the particles in the matrix influenced
the magnetostriction magnitude [48]. Duenas [20] found that using a polydispersion technique, where multiple particle sizes are combined to increase packing efficiency, increased
transmission efficiency and created consistently high free magnetostriction and pre-loaded
4

magnetostriction. In [34], dispersion techniques for integrating the particles into the epoxy
matrix was investigated and several techniques were found to be successful at preventing
particle conglomeration. In [35], experimental studies were conducted to see if stress differentiation in a neat epoxy with Terfenol-D particles embedded could be detected, and
found that it could, however the particle size, orientation, and density have a large effect
on their detection signal and needed to be characterized. Since the Terfenol-D is embedded inside of the composite, the effect of the host structure on magnetostriction must be
considered. The effect of CFRP ply count and orientation on magnetostricttion magnitudes is investigated in [39] and found to be very sensitive to changes in either parameter.
Myers [43] explored the use of an embedded particle layer in a laminate to perform sensing of various sized delaminations. His results show an increase in voltage with a smaller
delamination size, however, some beam scans results were inconclusive.
This dissertation presents experimental results of a magnetostrictive NDE (nondestructive evaluation) method using Terfenol-D particle layer embedded into CFRP to investigate
the effect of the particle size, fabrication method, ply count, and delamination presence on
the induced voltage in the sensing circuit. Numerical models are created to investigate how
the delamination influences the mechanical state. Finally, analytical models are presented
to quantify how the parameters influence sensing and how the magnetostrictive force affects the sensor boundary.
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1.3

Nondestructive Evaluation
Nondestructive evaluation/testing (NDE) is a process of determining flaws and dam-

ages inside of structures or materials in service (in-situ) without disassembly. While the
earliest practice of NDE is unknown, a formal practice can be traced to the 1920’s during
World War II when engineers, who typically designed with high safety factors to avoid
catastrophic failure, wanted to address the flaws that caused them [68]. Industries employing NDE technologies range from aerospace, nuclear, construction, medical, transportation, and many others with diverse applications such as pipelines, pressure vessels,
airframes, bridges, and welds [23]. As the applications are varied, so are the NDE methods used to assess them. For example, an eddy current based method may be good for
determining flaws in a metal component, however it is not suited for fiber reinforced composite (frp) materials due to low electrical conductivity of the matrix. In addition to this,
composites experience different failure mechanisms than metals do, which means NDE
methods must be developed specific to an application. This dissertation focuses on CFRP
composites because of their mechanical performance, tailorability, and increasing use in
structural applications. General failure mechanisms for fiber reinforced polymer composites are debonding, fiber breaking, microcracking, and delaminations [1]. The range of
nondestructive testing methods used for frp composites are acoustic emission [37] [2], ultrasonic [19], x-radiography [62], thermography [40], and laser shearography [3]. While
no single NDE method can detect all types of failure, they can be used jointly to improve
flaw detection. Interest in detecting flaws in service operations have led to structures being
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embedded with sensors for flaw detection. Among these methods are fiber optic methods
[38] [58], and magnetostrictive embedded methods [66].

1.4

Fiber Reinforced Polymer Materials
Fiber reinforced composites are composed of fibers held together by a resin matrix.

Modern fiber reinforced composites typically consist of glass, aramid, carbon/graphite,
or boron fibers combined with a natural or man made resin such as polyester, vinylester,
polyimide, epoxy, or bis-maleimides [1]. The specimens being nondestructively inspected
for this research are laminates made of varying layers of AS4/3501-6, an epoxy preimpregnated (prepreg) tow of carbon fibers manufactured by Hexcel. The manufacturing
process used to create prepregs start with creating the fibers. A polyacrylonitrile (PAN) precursor goes through several processes involving spinning, stabilizing, carbonizing, surface
treating, and sizing the strands before they are usable carbon fibers [67]. To create a preimpregnated lamina, an additional stage is added that takes the fibers through a matrix bath
before it is packaged as a CFRP sheet. This research uses prepregs to create specimens because it simplifies laminate lay-up by eliminating the additional step of adding the matrix
during the lay-up process and the amount of matrix is controlled. Hexcel AS4/3501-6 is
a general-use structural prepreg with mechanical properties listed in Table 1.1 [57], [21].
Mechanical properties for the 3501-6 and Terfenol-D are listed as well, as they are used in
analysis in later chapters.
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Table 1.1
Mechanical Properties
Property
AS4/3501-6
Long Modulus (GPa)
124
Trans. Modulus (GPa)
10.3
In-plane Shear Mod. (GPa)
6.6
Poisson’s Ratio
.28

1.5

Terfenol-D (bulk)
24.8-58.6
24.8-58.6
-

3501-6
4.24
4.24
10.8
.365

Magnetic Materials
In 1819, Hans Christian Oersted discovered a connection between electricity and mag-

netism using a compass needle and current carrying wire that led to Jean-Baptiste Biot
and Félix Savart performing experiments to quantify the relationship [54]. At the root of
the discovery was the fact that anytime a charged particle is in motion, a magnetic field
is present. This can easily be observed in electrical circuits with solenoids that generate
external magnetic fields, but it’s also applicable on an atomic level where electrons spin
and orbit the nucleus producing magnetic dipoles. Since all substances are composed of
atomic particles, all substances are magnetic to a varying degree, but not all can be magnetized. Magnetization is the process of aligning magnetic dipoles in a substance and
reaches saturation when all the dipoles are aligned. When internal dipoles are aligned,
an external magnetic field is produced, as seen in ferromagnetic materials. Magnetization
also has a hysteresis effect on the dipoles and causes a residual magnetization in the substance. While substances produce an internal magnetic fields in groups of atoms or magnetic dipole domains, they can be canceled out by neighboring groups of domain dipoles.
Magnetic materials can be classified into three categories based on their ability to be mag-
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netized (magnetic susceptibility) and their dipole permanence: paramagnetic, diamagnetic,
or ferromagnetic. Paramagnetic materials have permanent magnetic dipoles moments and
a very low susceptibility to being magnetized. While they can be magnetized under an external magnetic field, they do not have a residual magnetization when the field is removed.
Examples of paramagnetic materials are aluminum, magnesium, oxygen, and calcium. Table 1.2 lists materials with their magnetic susceptibility [54], [45]. Diamagnetic materials
do not have permanent dipole moments, but when under an applied field, a dipole moment
is produced that opposes the applied field. This effect is very weak and is quantified as a
very small negative magnetic susceptibility. Examples of diamagnetic materials are mercury, carbon, bismuth, and water. The magnetic susceptibility for epoxy is based on the
results from [6], where Stycast 1266 epoxy magnetic susceptibility was measured and an
equation was developed to fit the results between 2.5-400K. Calculations are in the Appendix labeled: Magnetic Susceptibility Calculations for Epoxy. The relationship between
the magnetic susceptibility and magnetic permeability is seen in Equation 1.1. The µ is the
magnetic permeability, µ0 is the permeability of free space 4π × 10−7 T-m/A, and χ is the
magnetic susceptibility.

µ = µ0 (1 − χ)

(1.1)

Finally, ferromagnetic materials, which have permanent dipoles moments are very susceptible to being magnetized. The magnetic domains of ferromagnetic materials can retain
a residual magnetization after the external field has been removed, which produce a hysteresis effect. This residual alignment is the cause of the external field commonly observed
9

in ’magnetic’ materials like iron, cobalt, nickel, and dysprosium. In addition to ferromagnetic materials having high magnetic susceptibility, the alignment of the domains cause the
material to physically change shape and this is called magnetostriction. Magnetostrictive
elongation is due to magnetic dipoles being magnetized, which consists of the dipoles elastically rotating to align with the applied magnetic field. As magnetization increases, the
elongation increases, until the dipole regions have mostly aligned, reaching magnetization
saturation. When the applied magnetic field is removed, the material is still magnetized
due to magnetic domains not returning to their original magnetization state. This produces
a hysteresis effect observed in the magnetostriction hysteresis curves.
Table 1.2
Magnetic Susceptibility Properties
Paramagnetic
Aluminum
Magnesium
Oxygen
Calcium

χ
2.3 × 10−5
1.2 × 10−5
2.1 × 10−6
1.9 × 10−5

Diamagnetic
χ
Stycast 1266 epoxy −6.294 × 10−7
Copper
−9.8 × 10−6
Carbon(graphite)
−1.6 × 10−5
Water
−.91 × 10−5

While the Terfenol-D is explicitly classified as a ferromagnetic material, the remaining
mediums, epoxy and carbon fibers that compose the CFRP, are individually classified as
diamagnetic materials. Using the transport property theory for fiber reinforced composites [1], the effective classification of the CFRP is diamagnetic, so it has no appreciable
magnetic susceptibility.
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1.6

Methods
The methods used to analyze the parameters influencing sensing involve using exper-

imental, analytical, and numerical methods. Nondestructive experimental tests are conducted first, employing the sensing apparatus, equipment, and settings used by Myers [43],
which operate on principles seen in the Rowland ring to measure a medium’s magnetic permeability. The initial fabrication technique was established by Myers, but modified as the
testing progressed. The next method is a multi-step analytical process used to determine
the stress, the magnetic permeability, and ultimately the induced voltage. To determine
the stress, a deformation compatibility method established by Anjannappa and Wu [5] is
used. To determine the magnetic permeabilty, the data is derived from experimental tests.
To determine the induced voltage, a first order differential equation is developed starting
with the model developed from Anjannappa and Chen [13] and modified using a Firestone
analogy and Lenz’s law. Finally, a numerical method is used to investigate the stress in
the embedded Terfenol-D layer around the delamination region using a three-dimensional
finite element model with linear coupled constitutive equations. The consitutive equations
for the numerical model are based in Etrema’s computation model of Terfenol-D [56].
In addition to these, an analytical and numerical method are used to assess the interlaminar matrix for failure and delamination propagation due to magnetostriction. The
analytical method is developed using equilibrim and compatibility equatioins and analyzed
for failure using the Brittle Coulomb-Mohr and Modified-Mohr theories. The delamination propagation is analyzed using fracture mechanic’s critical strain energy release rate.
FADD2D [12] is used to verify the analytical stresses and strain energy release rates.
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CHAPTER 2
EXPERIMENTAL TESTING

2.1

Experimental Testing Overview
This section discusses the fabrication technique and sensor parameters used to conduct

the nondestructive testing experiments. Graphs of the testing results are presented in the
chapter [52]. Raw data from the nondestructive testing are in the Appendix. Fabrication
instructions are also in the Appendix. A picture of the experimental setup is shown in
Figure 2.1 [51].
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Figure 2.1
A Picture of the Experimental Setup.
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2.2

Fabrication
The test specimens were designed with dimensions that allowed nondestructive test-

ing using the apparatus in [44], where the length and height dimensions were 9.75in x
1in (247.65mm x 25.4mm), respectively. The ply count is not constant as in [44] and
ranges from 2-14 plies. The beams dimensions were designed in [42] to have a natural
frequency of 10Hz, but the ply counts vary along with the natural frequency for these specimens. A diagram of the laminate layers with coordinates is displayed in Figure 2.2, where
the x-direction corresponds with length of the beam, the y-direction corresponds with the
thickness of the beam, and the z-direction corresponds with the width of the beams. A
drawing of the mold used to fabricate the specimens is shown in Figure 2.3 [51].

Figure 2.2
A Diagram of the Laminate Layers.
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Figure 2.3
Fabrication Mold used to Create the Specimens.

There are three groups of specimens that have been fabricated and scanned. The CFRP
used was pre-impregnated Hexcel AS4/3501-6 unidirectional plies. All lamina plies were
at a 0 degree orientation for lay-up. Group 1 consist of 5 specimens, and have a small
.5in x .5in (12.7mm x 12.7mm) delamination film embedded between the CFRP and the
magnetostrictive particle layer. The fabrication method for this group contained 2 grams
of 212-300µm sized particles, spread 6in (152.4mm) across the middle of the beam and
smoothed by a straight-edged tool. Figure 2.4 displays the particle distribution in a specimens from group one. The second group consists of 13 specimens and also has a region
where a patch coated with release agent was inserted as a delamination. The distribution
method and particle size used in the second group was modified to improve the distribution of particles. A particle distribution tool was designed to hold approximately 2 grams
of 38-120µm sized particles, across the same 6in (152.4mm) section. Figure 2.5 displays
15

the particle distribution in group 2 specimens. Figure 2.6 displays the embedded delamination as well as the delamination tool. The results show that the use of the tool to control
distribution was effective for obtaining a more even distribution, but does not eliminate all
error. The third group consists of 13 specimens and employ the same fabrication technique
as group 2 without a delamination region. The reason for fabricating these three groups
was to observe how the fabrication method and the delamination patch affect the induced
voltage.
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Figure 2.4
Terfenol-D powder distribution in laminates using 212-300µm sized particles that were
pre-measured and hand distributed.
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Figure 2.5
Terfenol-D powder distribution in laminates using 38-120µm sized particles and the
trench tool to control particle distribution.
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Figure 2.6
Terfenol-D delamination placement and trench tool used for distribution.

To verify that the delamination embedded in a specimen is preventing adhesion between the CFRP and Terfenol-D layers, a method used to assess interlaminar toughness
for composites can be employed to detect loss of interlaminar adhesion in a specimen. According to [4], this method consists of using a configuration specified by a testing standard
to applying a loading that induces a mode I or II deflection. Standardized test methods for
19

assessing interlaminar toughness in composites are ASTM D5528 for mode I and ASTM
D6671 / D6671M for mode I, II, or mixed modes. An example configuration shown in
Figure 2.7 [4] shows a setup using blocks bonded to the exterior that can be loaded to
check relative ply movement in the mode I or II direction. However the goal here is to assess relative movement between the plies to validate that the delamination is working, not
assess toughness at the crack tip. Also, in order for this method to be used with specimen
that have a delamination region in the center of the beam, they may need to be cut to meet
testing setup requirements.

Figure 2.7
Interlaminar toughness tesing configuration using a block hinge

2.3

Sensor
This sensor apparatus operates similarly to a transformer, where the primary circuit

is connected to a 35 VAC source, oscillating at 1200 Hz, and the secondary circuit picks
up the induced voltage from the magnetic field. The same method is used to measure the
magnetic permeability of ferromagnetic substances [54]. The rms value of the induced
voltage at 38 positions along the beam length are used to observe how the magnetic field
20

interacts with the embedded Terfenol-D in those locations. The principal of operation is to
produce a flux using an excitation coil, which interacts with the mediums in the flux path
[10]. Figure 2.9 shows a cross-sectional top view of the flux path formed in the mediums.
A lumped parameter model of the magnetic circuit, similar to the one developed by [13],
is represented by Figure 3.7. A diagram of the sensor module is shown in Figure 2.8.

Figure 2.8
Diagram of the Sensor Module.
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Figure 2.9
The magnetic path for the apparatus.

Figure 2.10
The lumped parameter circuit.
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The flux produced by the primary circuit travels through the Terfenol-D, the air, and
the CFRP material. When the Terfenol-D layer is exposed to a magnetic field, it will
freely elongate if not bounded as seen in Figure 2.11. Equations 2.1 and 2.2 are the linear
magnetostriction equations developed by Clark [14] that describe how the magnetic and
mechanical fields are coupled. The parameters are as follows:  is the strain, S H is the
elastic compliance, σ is the stress, dc is the piezomagnetic coefficient, H is the magnetic
field intensity, B is the magnetic flux density, and µH is the magnetic permeability.

 = S H σ + dc H

(2.1)

B = dc σ + µσ H

(2.2)

Figure 2.11
Illustration of magnetic domains aligning for magnetostriction.
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When the Terfenol-D layer is adhered to a stiff neighboring ply, exposure to a magnetic
field prevents free elongation and builds stress in the Terfenol-D layer. If a delamination is
present, no adhesion between the Terfenol-D layer and the CFRP layer exists and allows
a lower stress region. This difference in boundary conditions causes two stress regions in
the Terfenol-D, which affect the magnetic permeability as seen in Figure 2.12.

Figure 2.12
Delamination Effect on the Magnetic Permeability of Terfenol-D.

2.4

Equipment
The equipment used for the nondestructive testing apparatus are a Labview PXI con-

troller, 700 turns of magnetic wire for the excitation coil, and 300 turns of magnetic wire
for the sensing coil. The excitation coil is wired into a NI PXI-5421 analog signal generator card, set to 30V and an output of 21mA. The sensing coil is connected to a NI PXI-4461
data acquisition card. The program used to run the sensor was National Instruments Lab-
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view VI created by Spayde [59]. The induced voltage was acquired at each beam position
and the rms value of the induced voltage was calculated. Fifteen rms values were acquired
along with the standard deviation. The support structure consisted of aluminum blocks
with rods that allowed the sensing module to travel down the length of the beam as seen in
Figure 2.13.

Figure 2.13
Experimental Setup [43].
The experimental beams are displayed in Figures 2.14 and 2.15 to give perspective.
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Figure 2.14
Sensing apparatus - side view.

Figure 2.15
Sensing apparatus - isometric view.
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2.5

Results and Discussion

The results of the nondestructive scans are presented in three groups. These results are
the rms values of the voltage induced in the sensing circuit from the alternating magnetic
flux in the magnetic circuit shown in Figure 2.9. A full table of the results can be found
in the Experimental Data Appendix. Each beam has values from 38 positions along the
length of the beam, where 15 samples per position were recorded to get a mean value to
make each data point. The standard deviation from the mean is calculated and shown for
each data point. Since multiple Terfenol-D/delamination distribution methods are tested,
each the data is grouped. Each group has 2-3 graphs that show the nondestructive testing
results for varying ply counts indicated in the plot legend. In addition to this, every plot
has a diagram below to show the position that data point was taken along the length of
the beam, the particles distribution pattern below the graph, and if there is a delamination
present. The ordinate of each plot corresponds to the voltage induced in the sensing circuit
and the abscissa corresponds to the beam position.
The first plot is explained. A key is provided to decipher each component of the legend:
the general legend is denoted by ‘A‘, the layup configuration specifying ply orientation and
count is labeled ‘B‘, the Terfenol-D layer (‘m‘) corresponds to ‘C‘, the delamination region
(‘d‘) corresponds to ‘D‘, the Terfenol-D particle amount in the sensing region is denoted in
grams by ‘E‘. The laminates that contain a .5in x.5in (12.7mm x 12.7mm) delamination
region have vertical lines that correspond to region ‘F‘ and the sensing region of the beams
correspond to area ‘G‘.
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2.5.1

Group 1-Sensing Signals Along Beam Length

The data in Group 1 are results from the hand distribution method, where the TerfenolD was distributed by hand and a delamination was placed in the beams. Figures 2.16 and
2.17 show the general results of Group 1. Only six beams were made ranging from 2-7
plies. The sensor was embedded by measuring 2 grams of Terfenol-D particles and spreading them over the sensing region using a non-magneic straight-edged tool. The instructions
for the hand layup method is in the Appendix. The results from group 1 reveal an induced
voltage fluctuation across the entire magnetostrictive region making delamination detection
indiscernible. These fluctuations were found to be caused by changes in particle density
along the length of the beam, which effect the area and subsequent magnetic reluctance of
the sensor. So a second sensor distribution method is created in the next group.
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Figure 2.16
Group 1 - Sensing Signals Along the Length of Specimens with Ply Counts 2-4 Particle
Size 212-300µm
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Figure 2.17
Group 1 - Sensing Signals Along the Length of Specimens with Ply Counts 4-7 Particle
Size 212-300µm

2.5.2

Group 2-Sensing Signals Along Beam Length

Group 2 data are results from the trench tool distribution method, where a tool was
created [60] to better control the particle distribution uniformity and a delamination was
placed in the beams. The particle sizes were also changed from 212-300µm to 38-120µm
to allow better compaction. The size reduction also increases transmission efficiency according to Duenas [20]. The results using the particle distribution tool can be seen in
Figures 2.18, 2.19, and 2.20. The ply count for Group 2 beams ranged from 2-14 plies. In
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Group 2, 13 beams were manufactured using a channeled tool created by Dustin Spayde
to obtain an even and controlled particle distribution across the sensor region. The distribution tool is a small plastic block with three shallow channels machined out for particles
and can be seen in Figure 2.6. This allowed excess particles to be skimmed away before
the Terfenol-D was applied to the laminate. The result of the new distribution method was
apparent in comparison to Group 1. While no correlation between the ply count and induced voltage could be discerned, the new distribution method yielded better uniformity,
as seen in the Group 2 results. The results from the Group 2 were more consistent, however, delamination detection was still difficult to discern from the data. The variation in the
induced voltage along the beam was less sporadic and lowered as the scan approached the
middle of beam. This may be caused by the excess particles near the edge of the sensing
region. These results also show a relationship between the particle amount and induced
voltage magnitudes in Figures 2.18 and 2.19: when the amount of particles used in the
beam increase, the overall signal magnitude rises as well. For example, in Figure 2.19,
the highest overall induced voltage values are from the laminate with 7 plies and 3 grams
of Terfenol-D, while the overall lowest voltages are from the laminate with 8 plies and
2 grams of Terfenol-D. However, in Figure 2.20 the laminate with the highest amount of
Terfenol-D do not correspond to the results with the highest voltage magnitudes. This uncertainty could be due to errors in applying the Terfenol-D to the beam. When compared
to results in [13], whose NDE testing method was closest to the method used here, the induced voltage from these results do not consistently drop when a delamination is scanned.
Since the data can’t be completely explained by empirical observation, analytical methods
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are employed in the Analytical Chapter to gain a better understanding of the parameters
influencing the induced voltage.

Figure 2.18
Group 2 - Sensing Signals Along the Length of Specimens with Ply Counts 2-5 Particle
Size 38-120µm
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Figure 2.19
Group 2 - Sensing Signals Along the Length of Specimens with Ply Counts 6-9 Particle
Size 38-120µm
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Figure 2.20
Group 2 - Sensing Signals Along the Length of Specimens with Ply Counts 10-14
Particle Size 38-120µm

2.5.3

Group 3-Sensing Signals Along Beam Length

Group 3 data are results using the same trench tool distribution method, but no delamination is embedded to assess the effect of the delamination on the induced voltage. Figures
2.21, 2.22, and 2.23 show the results from Group 3. The results from Group 3 show little
change from the results of Group 2 and reinforce the need for an automated distribution
method. Figures 2.21 and 2.22 show results similar to Group 2, but Figure 2.23 has no
empirical pattern.
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Figure 2.21
Group 3 - Sensing Signals Along the Length of Specimens with Ply Counts 2-5 Particle
Size 38-120µm
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Figure 2.22
Group 3 - Sensing Signals Along the Length of Specimens with Ply Counts 6-9 Particle
Size 38-120µm
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Figure 2.23
Group 3 - Sensing Signals Along the Length of Specimens with Laminate Ply Counts
10-14 Particle Size 38-120µm

The results show dips and peaks in the signal that stem from possible changes in the
particle density of the Terfenol-D along the length of the beam or changes in stress, which
affect the magnetic permeability. Also, the apparatus used for this experiment does not use
an one-sided core to guide the flux path in Terfenol-D, as in [13], so fluctuations due to
the scanning apparatus’ setup are possible. The effect of the delamination regions cannot
be empirically distinguished with the many fluctions, nor can the affect of ply variation.
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However, a correlation between the fluctuations and the non-uniformity of the particle distribution was apparent. This became more apparent when trying to troubleshoot fabrication
distribution methods. Issues stemming from transferring the particles from the tool to the
laminate are seen below in Figure 2.24. The corresponding scan shows how the errors in
particle distribution visually correspond to the scan in Figure 2.25.

Figure 2.24
Fabrication distribution issues. (38-120 micrometers)
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Figure 2.25
Sensing Signal along the Length of Specimen with Particulate Distribution
Inconsistencies.

2.6

Conclusions
From the experimental results, it shows that the fabrication method used to distribute

the particles has a significant effect on the sensing signal. This was not an issue that was
discussed in literature, but has a significant effect on the results. The parameters that were
the initial aim of the research, like delamination precense and ply variation cannot be distinguished due to irregularities in the induced voltage. The analytical and numerical work
focuses on understanding the irregularities in the experimental testing. Future work must
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focus on finding new ways to distribute particles and differentiate particle accumulation
from a delamination. If not the fluctuations in the sensing signal will be mistaken as damaged areas.
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CHAPTER 3
ANALYTICAL MODELING

3.1

Overview
In the experimental chapter, nondestructive testing was conducted using various sensor

distribution methods to detect embedded delaminations. From empirical observation, the
scans presented in the experimental testing chapter do not explicitly signal damage, due to
unintended signal fluctuations in both the healthy and damaged regions. So an analytical
approach is taken to understanding the parameters influencing the results. This approach is
developed using the electrical, mechanical, and magnetic domains in a multi-step technique
to assess how changes in the ply count and fabrication method affect the sensing signal.
Also, the affect of magnetostriction on the sensor/host boundary is analyzed to assess if
sensor operation damages the interface. This chapter analyzes the sensing material as well
as the host material to get an overall picture of what’s happening during operation.

3.2

Modeling Sensing Behavior
Terfenol-D’s mechanical and magnetic properties are highly non-linear, which makes

a straightforward calculation of parameters complex. In addition, the induced voltage measured in the sensing circuit is the result of system dynamics, not just the Terfenol-D properties. So, modeling the sensing behavior consists of determining the stress state, magnetic
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permeability, and finally the induced voltage. A multi-step process is used to estimate the
inputs needed for the final lumped parameter model that accounts for every medium that
influences the magnetic flux and subsequent induction voltage. These parameters include
the ply count, Terfenol-D particle density, and the sensor apparatus.

3.2.1

Determining the Stress State in the Embedded Terfenol-D Layer

In theory, the Terfenol-D layer embedded in a composite acts as a sensor by interacting
with the boundaries to either elongate or build compressive stress when confined from
elongation under an external magnetic field. This can be seen in the three dimensional
model in the Numerical Modeling Chapter. When the Terfenol-D layer is restricted from
elongating, due to interlaminar adhesion and the stiffness of the CFRP fiber tows, the
energy is stored elastically and produces a stress in the layer. The stress developed in a
region of Terfenol-D is dependent on the external mechanical forces, pre-stresses in the
Terfenol-D from manufacturing, and the elastic forces developed during magnetostriction
from the ply adhesion between the Terfenol-D and the boundaries. For these specimen,
there are no external mechanical forces applied and the pre-stress is assumed to be zero.
To determine the stress, the strain from the mechanical domain in Equation 3.1 and strain
from the magnetic domain in Equation 3.2 are coupled to form the total strain in Equation
3.3.

mechanical = S (H) σ
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(3.1)

magnetic = dc H

(3.2)

The variables are as follows: mechanical is the mechanical strain, S ( H) is the compliance as a function of the magnetic field intensity, σ is the stress, magnetic is the magnetic
strain,  is the total strain, dc is the magnetic coupling coefficient, and H is the applied magnetic field intensity. When combined, the linear constitutive equation developed by[15] can
be used to solve for the total strain.

 = S H σ + dc H

(3.3)

The material behavior for Terfenol-D is highly nonlinear, as seen in Figure 3.4, and a
simple linear equation is only accurate over a small magnetic field intensity range. Nonlinear constitutive equations have been developed based on the experimental data to approximate the stress using the strain versus magnetic field curves, which are a function
of compressive stress. An example of these equations, as developed by [65], are seen in
Equation 3.4 for approximating magnetostriction in small magnetic fields Equation 3.5 for
approximating magnetostriciton in large magnetic fields near magnetostrictive saturation.
For approximations in small magnetic fields:

ss = sσ + mH 2 + rσH 2
For approximations in high magnetic fields near magnetostriction saturation:

43

(3.4)

ht = sσ +

1
1
m tanh2 (kH) + 2 rσ tanh2 (kH)
2
k
k

(3.5)

Krishnamurthy also developed a nonlinear equation [33] to approximate the magnetostriction as a function of applied field and compressive stress. The nonlinear constitutive
equations mentioned above are not used directly to determine the stress, instead a deformation compatibility method is modified and used.
In [5], Anjanappa and Wu model a one-dimensional composite magnetostrictive particle actuator that consists of Terfenol-D particles (actuator) suspended in an epoxy matrix to
determine stress magnetostriction level and block forces produced by the actuator. When
Terfenol-D is in operation in an embedded host, the stress state, of the Terfenol-D is dependent on the pre-stresses in the Terfenol-D, σ0 , external forces applied,σexternal , and the
elastic forces produced from the host material resisting elongation, σhost . This formulation
has been modified to account for varying CFRP plies and delamination/nondamaged regions. The equilibrium illustration and equations from this method can be seen in Figures
3.1 and Equation 3.6. The stress state is σ, the pre-stress is σ0 , the stress from the elastic
resistance of the host material is σhost , and the stress from external forces is σexternal .
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Figure 3.1
One Dimensional Equilibrium Equation for Magnetostrictive Layer in Quasi-static
Operation.

σ = σ0 + σhost + σexternal

(3.6)

For no externally applied loads, σexternal = 0. The compatibility condition used to
solve the equilibrium equation is shown in Figure 3.2 and Equation 3.7.

δλ = δdx + δf

(3.7)

where, δΛ is the free elongation of the sensor of the sensor length dx if it were unbound,
Λ(H, σ) is magnetostriction, K0 is the orientation factor and accounts for volume fraction
and particle orientation, δf is the is the compression of the differential lengths of particles
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Figure 3.2
Quasi-static Deformation Diagram used for the Compatibility Equation.
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due to the reaction force, εf is the compressive strain of the differential lengths of particles, δdx is the resultant elongation, and εmpa is the strain of the magnetostrictive particle
actuator.

δΛ = Λ(H, σ)K0 (H0 , νp )dx

where 0 < K0 < 1

(3.8)

δf = εf dx

(3.9)

δdx = εmpa dx

(3.10)

The compressive strain of the particle length dx due to the host, εf , is in Equation 3.11,
where the modulus of the Terfenol-D, E(H, σ), is dependent on the stress and magnetic
field intensity. The relationship between the modulus, stress, and magnetic field intensity
was done differently from Anjanappa by using statistically analyzed data from Dapino [18]
where modulus curves were regressed into a polynomial to produce Equation 3.12. The
condition under which the modulus data was taken was a compressive stress of 6.9 MPa.
The modulus has units of GPa and the magnetic field intensity has units of Oersted.

εf =

σf
Ep (H, σ)

Ep (H) = 54.03 + 2.34Log(H) − 7.37(Log(H)2
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(3.11)

0 < H < 50

(3.12)

The strain of the magnetostrictive particle actuator is in defined in Equation 3.13. The
modulus and the cross-sectional area of the host were modified from the Anjanappa method
to accommodate the variation in plies and the delamination region via an absence of plies
to reduce the local elastic force resisting magnetostriction of the actuator. They are defined
in Equations 3.14 and 3.15.

εmpa =

σf Ap
Ehost Ahost

(3.13)

Ap = wbeam tmsp

(3.14)

ACF RP (n) = Ahost = wbeam tCF RP n

(3.15)

To find the stress state, the boundary conditions are first applied to the equilibrium
equation to reduce terms. The boundary conditions are no external forces, σexternal = 0
and no pre-stress from manufacturing, σ0 = 0. This reduces the equilibrium equation to
Equation 3.16.

σ = σhost

(3.16)

To solve for σhost , the elongation definitions are substituted into the compatibility equation and result in Equation 3.17. After substituting the strain definitions, Equation 3.19 is
produced. Finally, the stress, σhost , is solve for in Equation 3.20.
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Λ(H, σ)K0 (H0 , νp )dx = (εdx + εhost )dx

Ap
1
+
Ehost Ahost Ep

Λ(H, σ)K0 (H0 , νp ) = σhost

(3.17)

!

(3.18)

!

σhost =

Ehost Ahost Ep
Λ(H, σ)K0 (H0 , νp )
Ap Ep + Ehost Ahost

(3.19)

Equation 3.19 is referred to as the actuation stress. By substituting the reduced equilibrium equation into the actuation stress, we obtain the load line Equation 3.20, which
is a linear equation describing the relationship between the stress state, σ of the actuator
and the corresponding magnetostriction, Λ(H, σ), as a function of magnetic field intensity,
stress state, and ply count. According to Anjanappa, the importance of this equation is that
it can be correlated with experimental data that under the premise of deformation compatibility and the intersection of load line equation and the material data yields the stress state
and magnetostriction.

!

Λ(H, σ, n) =

Ap Ep + Ehost Ahost
σ
K0 Ehost Ahost Ep

(3.20)

The affect of assuming bulk versus particulate properties has a significant affect on the
magnetostriction magnitude, as noted by [30], where the magnitude decreases 700 microstrain at magnetization saturation. This affects sensing by diminishing the stress differentials between the healthy and delaminated section, which subsequently diminishes the
difference in magnetic properties for the two regions. To account for this in the analytical
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Figure 3.3
Magnetostriction as a Function of Compressive Stress at Constant Magnetic Field
Intensities Plotted from Experimental Data
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model, two parameters can be controlled to reduce the magnitude of bulk magnetostriction.
This first way is by varying the area fraction of the Terfenol-D in the load line equation,
which reduces the amount of actuating sensor and increases the amount of elastic resistance from the host. The second way is by reducing the orientation/ volume fraction factor,
K0 , in the load line equation. Here, the area fraction of the Terfenol-D was reduced to
account for reduced magnetostriction.
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3.2.2

Determining the Magnetic Permeability

The next step toward understanding the sensing signal is assessing how the mechanical
state influences the magnetic state. The Villari effect describes how mechanical compression influences the alignment of magnetic dipoles. For the sensor configuration, the
Terfenol-D is not under a compressive pre-stress, however, when under an applied field,
the adhesion between the ply and fibers restrict elongation which produces a compressive stress in the plies. The magnetic permeability for Terfenol-D is dependent on the
stress state of the Terfenol-D, as well as the magnetic field intensity. So, the magnetic flux
density experimental data from [22] is used to determine the magnetic permeability as a
function of stress and magnetic field intensity.
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Figure 3.4
Magnetic flux density vs Magnetic Field Intensity.

µ=

dB
dH

(3.21)

Given this data, permeability curves can be determined by taking the derivative of the
magnetic flux density with respect to the field intensity as shown in Equation 3.21. The
magnetic flux density data points were extracted from the picture using webplotdigitizer
[49], regressed into a polynomial, and the derivative was taken to obtain the magnetic
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permeability. The hysteresis effect is not accounted for to obtain a function that can be
used for analytical calculations.

Figure 3.5
Regressed Magnetic Flux Curves.

In general, the analytical derivations reveal that the magnetic permeability decreases
with an increase in compressive stress.
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Figure 3.6
Derived Magnetic Permeability Curves.

This information is needed to approximate what the magnetic permeability is at a given
stress state and magnetic field intensity. It is used in subsequent calculations to determine
the induced voltage.

3.2.3

Determining the Sensing Signal

The final step in analytically determining the sensing signal (induced voltage) is to
integrate the stress state, the subsequent magnetic permeability, and the rest of the system
together to model the entire circuit. In some papers, the sensing signal is defined as the
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magnetic induction in the Terfenol-D layer only, but this approach does not account for
the effect of other mediums the magnetic flux forms in. For the magnetic circuit used
in this paper, the magnetic flux is common to all the mediums, which means changes in
one medium affects the magnetic flux in them all. In literature, Anjanappa takes a system
approach into account [13] using a first order system similar to the one used in Equation
3.22 to obtain the flux. The magnetomotive force is mmf, the magnetic flux is φ, the
reluctance of the air is Rair , the reluctance of the CFRP is RCF RP , and the reluctance of
the Terfenol-D is RT erf enol−D . The reluctances are defined in Equations 3.24, 3.25, and
3.26. The sum of the reluctances is represented by Ref f = Rair + RCF RP + RT erf enol−D .

(Rair + RCF RP + RT erf enol−D )φ(t) = mmf (t)

56

(3.22)

Figure 3.7
The lumped parameter circuit.

mmf (t) = N I sin(t)

RT erf enol−D =

lT erf enolD
µ(σ, H)T erf enolD AT erf enolD (x)

Rair =

RCF RP =

lair
µair Aair

lCF RP
µCF RP ACF RP
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(3.23)

(3.24)

(3.25)

(3.26)

However, this model does not accounted for the sensing coil. The sensing coil is a
passive device in the circuit, which according to Lenz’s Law in Equation 3.27, acts to
oppose any change in magnetic flux by producing a magnetic field to oppose the change
through an induced voltage in the passive device. Using an effort and flow approach based
on Maxwell or Impedance Analogies [41], the excitation coil produces a magnetomotive
force that interacts with the air, CFRP, Terfenol-D, and the sensing coil. The magnetomotive force generated has to overcome the force from the medium’s impedances, represented
by Ref f φ(t), as well as an impedance due to the sensing coil represented by G(dφ(t)/dt).
In the process of deriving an impedance force for the sensing coil, a parameter denoted
as ’G’ is created to bridge Lenz Law and a impedance force for the coil. The ’G’ term is
solved using unit analysis since the impedance force has units of A-turns. It must be explicitly noted that if the generated magnetomotive force is constant, then dφ(t)/dt = 0 and
the impedance force resisting the magnetomotive force is zero. Now a modified differential
equation accounting for the sensing circuit is proposed in Equation 3.30.

dφ(t)
dt

(3.27)

1
mmf (t)dt
G

(3.28)

ε(t) = −

φ(t) =

Z

mmf (t) = G
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φ(t)
dt

(3.29)

Gφ‘(t) + (Rcf rp + Rair + RT erf enol−D )φ(t) = mmf (t)

(3.30)

Figure 3.8
The lumped parameter circuit with the solenoid

The diagram describing the modified circuit is displayed in Figure 3.8. The G is an unknown constant that is approximated using unit analysis. Since the magnetomotive force,
mmf, has units of Ampere-turns and the induced voltage, ε(t), has units of voltage, the
unit remaining for the G term is electrical conductivity and turns or turns/Ohm. So the G
relates to the induced currents ability to conduct in the sensing coil, which subsequently
controls the magnetic field formed to oppose the changing flux.
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Since the input is harmonic, the solution has a transient and steady state component.
The steady state component is the solution of interest. The steady state solution to Equation
3.30 has the form:

φss = M B sin(ωt + ψ)

(3.31)

Where φ is the magnetic flux density, M is the magnitude of the solution, B sin(ωt)
is the harmonic input, ω is the angular frequency, and ψ is the phase angle. The sensing
signal (induced voltage) is the derivative of this solution and is displayed in Equation 3.32.

εsssolution =

dφss
dt

(3.32)

Since the experimental results are rms values of the alternating induced voltage, the
analytical results must be displayed in rms values as well. This is obtained using the peak
voltage as seen in Equation 3.33.

εsssolutionrms =

3.3

εsssolutionpeak
√
2

(3.33)

Modeling the Effects on the Boundaries
When a material is embedded into the composite, a concern arises over how it affects

the structural functionality, which is the primary job of the composite. Voids are typically
the source of failure, but an additional concern arises over the effects of magnetostrictive forces on the ply interfaces and whether flaws are created or propagated. When the
Terfenol-D sensor is activated by the alternating magnetic field, the boundaries are put un60

der a shear stress. Szekrenyes [61] investigated interlaminar shear stresses in orthotropic
composite plates arising from point loads and found that interlaminar shear stresses only
significantly affect the mode II energy release rate. Here, the shear stresses and energy release rate are analyzed under worst case conditions to determine if magnetostriction causes
interlaminar matrix failure or exceed the critical energy release rate of the matrix. For the
purpose of analysis, the input is considered quasi-static to assess the boundaries forces, so
rms values are used.
To analyze the interlaminar mechanics, some assumption are made. The stress analysis
is plane stress, so εzz = 0. The next assumption is that the fibers of the CFRP are rigid,
total =0, and that the epoxy carries the load from magnetostriction on the top, bottom,
and edge of the sensing layer. The second assumption is that the maximum compressive
stress from experimental magnetostriction data, 55 MPa, is applied. Also, there are no
external loads applied to the laminate. The matrix in the AS4/3501-6 pre-preg is an epoxy
matrix that is classified as brittle, due to it’s elongation to failure being less than 5% [8].
The elongation to failure for Hexcel 3501-6 is 1.96% [28]. The matrix is isotropic. The
modulus of the epoxy is in the material property table [57].
The diagram that displays the boundaries is shown in Figure 3.9. There are two interlaminar regions that are considered: Section-A, where the interlaminar shear forces resist
the magnetostrictive elongation on the top and or bottom of the Terfenol-D, and Section-B,
where the edge of the Terfenol-D sensor meets the epoxy.
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Figure 3.9
Diagram of the Laminate Boundary Regions.
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3.3.1

Section-A: Interlaminar Effects

For Section-A, a one-dimensional analysis is conducted to assess the shear forces in
the interlaminar matrix on top and/or bottom of the Terfenol-D layer to check for material
failure using the Brittle Coulomb Mohr approach. Also, another assessment is made to
see how magnetostriction affects a delamination crack that is already present by calculated
the strain energy release. Figure 3.10 displays an incremental section, dx, from SectionA in Figure 3.9 where there is no delamination. The corresponding equilibrium equation
is developed in Equation 3.34. A conditional relationship is developed in Equation 3.35
allowing the magnetostriction force to be distributed between Section-A and B for worst
case scenario analysis. The force equilibrium equation, using the shear forces in length dx,
is shown in Equation 3.36. For this section the shear forces acting on the top and bottom
layer, and are equal since there are no delaminations.
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Figure 3.10
Diagram of the Magnetostrictive and Interlaminar Forces on Section-A.

Fλ (x) = w

Z x2
x1

(τtop + τbottom )dx + Freaction

Freaction = χFλ ,

(3.34)

0<χ<1

(3.35)

Fλ = Vtop + Vbottom + Freaction

(3.36)

Vtop = Vbottom = V

(3.37)

Since layer thickness is so small, the moments generated are neglected due to the small
moment arm. After the shear forces are obtained, the epoxy interface is analyzed for
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stresses. For a region in the epoxy interface, the force equilibrium in a section dx is shown
in Figure 3.11, where the carbon fiber tow is assumed to be rigid.

Figure 3.11
Diagram of Forces Acting on the Interlaminar Epoxy Layer.

For a worst case scenario in Section-A, the ballast factor is χ = 0, which allows the entire magnetostrictive force to be carried by matrix in Section-A only. This allows Equation
3.34 to reduce to Equation 3.38 and 3.39. The shear stress for an element in this region is
in Equation 3.40 and is in pure shear as shown in Figure 3.12. For pure shear τxy =τaverage .

Fλ (x) = 2w

Z x2
x1

τxy dx

Fλ = 2Vaverage

τaverage =
65

Vaverage
A

(3.38)

(3.39)

(3.40)

Figure 3.12
Stress Element in Interlaminar Epoxy.

Since the conditions defined for this region specify no delamination, the goal for this
region is to assess if magnetostriction causes material failure to occur in the interlaminar
matrix. To assess if failure occurs, strength of material failure theories are used to determine if a crack would form. For brittle materials, whose tensile and compression strengths
are different, Brittle Coulomb-Mohr (BCM) and Modified-Mohr (MM) theories should be
used to assess failure [17].
For a region in Section-A with a delamination present in the length dx, the force diagram is described in Figure 3.13. The delamination is represented by an absence of adhesion on the top interface, which means a reduced elastic resistance to the magnetostrictive
elongation in length dx. The equilibrium equation for the forces acting on the intact ply in
the delaminated region of Section-A is in Equation 3.41.
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Figure 3.13
Diagram of the Magnetostrictive and Interlaminar Forces on Section-A region with a
delamination.

Fλ (x) = w

Z x2
x1

τbottom dx + Freaction

Fλ = Vbottom + Freaction

(3.41)

(3.42)

Again, for the worst case scenario in Section-A, χ=0. This reduces Equation 3.41 to
3.42 and 3.43

Fλ = Vbottom

(3.43)

For this scenario in the force and stresses in the adhered interlaminar matrix will be
two times that experienced in the forces and stresses in the healthy region due to symmetry. In addition, the delamination edge presents a concern of whether the force causes
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crack propagation. For composites, delamination edges can be treated as cracks [4], so a
fracture mechanics approach is taken to analyze crack propagation. Figure 3.14 represents
a delamination at the edge of length dx under the shear stress in Equation 3.44. The strain
energy release rate is calculated using Equation 3.45. The stress in the interlaminar matrix,
within the delamination region, is defined in 3.44, but the stress on the crack tip is defined
in Equation 3.40.

Figure 3.14
Crack Tip in Epoxy from the Delamination.

τxy =

Vbottom
A

√
KII = τx‘y‘ πa
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(3.44)

(3.45)

To determine if the delamination propagates under the mode II loading, the strain energy release rate is compared to the critical strain energy release rate of 3501-6 for mode
I, GIC . According to [7], GIIC is 2 to 10 times higher than GIC for a brittle matrix. For
3501-6, the critical strain energy release rate for mode I is GIC = 128.368m − N/in2 [28].

K2
G=
E

(3.46)

For plane strain

E = E0 =

3.3.2

E
1 − υ2

(3.47)

Section-B: Terfenol-D Edge

The objective of Section-B analysis is to analyze the wedge tip to assess if the CFRP is
wedged open from the magnetostrictive force generated. Section-B is where the TerfenolD transitions into the CFRP and the geometry of the Terfenol-D is assumed to be a wedge
with the geometry defined in Figure 3.15.
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Figure 3.15
Section b geometry approximation

The analysis for this section assumes the Terfenol-D acts as a wedge that is driven
into the CFRP plies by magnetostriction. The mechanics of the adhesion is seen in Figure
3.16, where the normal forces N1 and N2 as well as the shear forces V1 and V2 act to give
equilibrium.

70

Figure 3.16
Section-B Force Diagram and Interaction with Matrix Interface.

Figure 3.17
Section-B Force Diagram.
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The equilibrium equation for Section-B is displayed in Equation 3.48 and is reduced to
Equation 3.49 by symmetry.

Fλ = N1 sin(α) + N2 sin(α) + V1 cos(α) + V2 cos(α)

(3.48)

For N1 =N2 =Nc and V1 =V2 =Vc , the equation reduces to

Fλ = 2Nc sin(α) + 2Vc cos(α)

(3.49)

The relationship between the normal and shear force is established in Equation 3.50.

Vc = µNc

(3.50)

To obtain the coefficient of friction, a relation between the shear and normal forces
at the interface is needed. Assuming the matrix will yield in shear first in the event of
failure, the Coulomb-Mohr theory is investigated to find a relationship between the normal
and shear forces in the epoxy. Since the tensile strength, ST , shear strength, SS , and
compressive strength SC of 3501-6 are known, the failure envelope can be obtain using
the information shown in Figure 3.18 and 3.19. The failure envelope of the epoxy can be
described by Equation 3.51. The equation approximates shear yielding, where the shear
strength decreases or increases as the normal force goes from tension to compression. The
slope of the equation is the coefficient of friction defined in Equation 3.52. Note that the
linear assumption is only valid for normal forces between SC /2 to ST .
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Figure 3.18
Coulomb-Mohr Theory

Figure 3.19
Shear strength with respect to the normal stress
73

τf = Ss − tan(θ)σn

µ = tan(θ) =

SC
2

− SS
SC
2

(3.51)

(3.52)

From the CFRP side, the reactions on the interface are described in Figure 3.20.

Figure 3.20
Section-B Epoxy Edge Interaction Diagram.

The forces in the x-direction act about the line of symmetry and are equal as seen in
Figure 3.21. The forces in the y-direction are shown in Figure 3.22.
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Figure 3.21
Section-B Interlaminar Forces in the x-direction.

Since we have symmetry about the x-axis, we can look at the top half to figure out the
forces to analyze the crack.

Figure 3.22
Section-B Interlaminar Forces in the y-direction.
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Since the forces in the x-direction are symmetric about the crack, which means no
shear, only the forces acting to open the crack face are analyzed.

Fy = N1 cos(α) − V1 sin(α)

σy =

Fy
Acrackf ace

(3.53)

(3.54)

For the crack analysis, the stress intensity factor for a crack in a semi-infinite plate, KI
is listed in Equation 3.55

√
KI = 1.12σy0 πa

(3.55)

The relationship between the stress intensity factor and the energy release rate is used
to asses if crack propagation occurs.

GI =
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KI2
E

(3.56)

3.4

Calculations and Discussion
The following section employs methods described in the sections above to analytically

approximate the sensing signal using the conditions in the Experimental Chapter.

3.4.1

Analyzing the Stress in the Embedded Terfenol-D

The modulus for the CFRP is ECF RP = 124GP a and the modulus for the TerfenolD, Ep is seen in Equation 3.12. The thickness of the sensor layer is estimated to be 300
microns, based on the size of the particles, and the width of the beam is 0.0254 m. Using
the Equations 3.14 and 3.15, cross-sectional areas are obtained for the CFRP as a function
of ply count, using a thickness based off of a single layer thickness of 5.08 × 10−4 m,
ACF RP (n) = 1.29×10−5 m2 n, and the sensing layer, Ap = 7.742×10−6 m2 . By observing
the volume fraction of the laminate as a function of the ply count through Equations 3.57,
3.58, and 3.59 a sense of the laminate content can be assessed in Figure 3.23.

Alaminate (n) = Ap + ACF RP (n)

νp =

Ap
Alaminate

νCF RP (n) =
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ACF RP (n)
Alaminate

(3.57)

(3.58)

(3.59)

Figure 3.23
Affect of the Constituent Volume Fraction on the Composite Make-up.

The orientation and particulate factor of K0 = .8 is approximated based on the reduced
magnitude of magnetostriction from particles [30]. Equation 3.60 is modified to account
for ply variation and obtain a Load Line Equation. The prestress and external stress are
still assumed to be zero. This equation is combined with the material data seen in Figure
3.3 to obtain the one-dimensional stress and magnetostriction state.

!

Λ(H, σ, n) =

Ap Ep (H) + ECF RP ACF RP (n)
σ
K0 ECF RP ACF RP (n)Ep (H)

(3.60)

The first analysis is for a laminate region with 4 plies and the ply make-up of [(0)2 /m/(0)2 ],
where m is the magnetostrictive layer and the orientation is 0 degrees. The cross-sectional
area of the CFRP is ACF RP (4) = 5.161 × 10−5 m2 . The laminate is under a magnetic field
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calculated to be 1.838 × 10−3 A/mor2.309 × 10−5 Oe. This field value is very small due
to the limited current output from the signal generator. Details of the magnetic field intensity calculations are expanded on in the ’Calculations: Determining the Induced Voltage ’
section when the entire system is analyzed.
The second analysis is for a delaminated region that is under the same magnetic field
with the make-up of [(0)2 /m/d/(0)2 ], where d is the delamination. Due to delamination,
the elastic resistance to elongation is reduced by no adhesion, so this is simulated by using 2
plies in the ACF RP calculation which yields a reduced cross-sectional area of ACF RP (2) =
2.581 × 10−5 m2 .
Both results can be plotted with the material data to obtain the magnetostriction and the
stress, but due to the signal generator current limitations, the extremely low magnetic field
intensity produced in the experiment does not meet the minimum magnetic field test data
available of 100 Oe or 8 × 103 A/m. More Terfenol-D testing data is needed at lower prestresses, specifically at very low magnetic fields, to analytically obtain the magnetostriction
and stress of the Terfenol-D in the experimental specimen. Based on the magnetic field
intensity trend in the material data, as the field intensity lowers, the magnetostriction and
stress would lower as well.
An example of this method is still produced to display how this method works. In Figure 3.24, the two Load line equations are presented with the same parameters as defined in
the experiment, but at a much higher magnetic field intensity of 800 Oe or 6.366×104 A/m.
Note that the Load line equations intersect the material data at different location. The laminate with 2 plies intersects at point ’A’ to render a magnetostriction of approximately
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8.5 × 10−4 and stress of 23 MPa. The laminate with 4 plies intersects at point ’B’ to render
a magnetostriction of approximately 8.3 × 10−4 and a stress of 23.472 MPa. This shows
that the lower elastic resistance from the CFRP in the delaminated region has a higher
magnetostriction, but lower stress than the undamaged region.

Figure 3.24
Analytical Stress Model Results

Based on these results, it is suggested that the experimental be done within the parameters of material data taken in research or create the material data for the specific test.
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3.4.2

Analyzing the Magnetic Permeability

Based on the low magnetic field intensity calculated from the experiment, the data
derived in Figure 3.6 from the regressed material data seen in Figure 3.5 is not used to
approximate the permeability. This limits the ability to calculate the permeability as a
function of stress. Instead data from Dapino [18] and Etrema [21] are used to approximate
values at the lowest stress and magnetic field intensity. The magnetic permeability values
used for further analysis are from the Etrema Terfenol-D product datasheet, where the
measured values range from 3.771×10−6 H/m, to 1.257×10−5 H/m after converting from
the relative permeabilities of 3-10. Statistically, data shows that the magnetic permeability
is inversely proportional to the applied stress.

3.4.3

Analyzing the Sensing Signal

To determine the induced voltage, the parameters in Equation 3.30 are calculated. For
the parameter G, Equation 3.61 was created based on unit analysis. The number of turns in
the sensing coil Nsensingturns = 300turns and with a total length of lsensingcoil = 35m. The
value for the copper coil’s resistivity is ρ = 1.68 × 10−8 Ω − m [46], the value is calculated
to be G = 1.786 × 1010 Ampere − turns.

G=

Nsensingturns lsensingcoil
ρ

(3.61)

Using Equations 3.25 and 3.26 the air and CFRP reluctances are calculated to be
Rair = 3.132 × 107 and RCF RP = −1.573 × 107 . The Terfenol-D reluctance value can
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vary, due to it’s dependence on the stress state and the magnetic field intensity, as seen in
Figure 3.6 and from literature in [18] and [21]. Since the experimental values could not
be analytically obtained, due to the experiment’s testing parameters being outside of the
available data in literature, the two extreme values of the magnetic permeability are taken
and used to represent an undamaged area µundamaged = 1.885 × 10−5 and a damaged region µdamaged = 3.771 × 10−6 . The inverse relationship between the stress and magnetic
permeability accounts for the magnetic permeability in the undamaged being higher. The
Terfenol-D reluctances are calculated to be RT Ddamaged = 3.748 × 106 A − turns/W b
and the RT Dundamaged = 1.249 × 107 A − turns/W b. All of the reluctances are combined to obtain an effective reluctance in Equation 3.62. For the damaged region, the
effective reluctance is Rdamagedef f = 1.933 × 107 and for the undamaged region, it is
Rundamagedef f = 2.808 × 107 . These values are used to calculate the induced voltage
values for the damaged and undamaged regions.
The harmonic input is defined in Equation 3.23 and the variables are N, number of turns
in the coil, which is 700 turns and I, the current in the wire, which is 21mA. The frequency
is 1200Hz or ω = 7540rad/s. This makes the mmf (t) = 700turns.021A sin(ωt).
For the first order system, the equation is arranged into standard form to solve for the
magnitude and the phase angle:

Ref f ective = Rair + RCF RP + RT erf enol−D

(3.62)

Gφ‘(t) + Ref f ective φ(t) = mmf (t)

(3.63)
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τ φ‘(t) + φ(t) =

1
Ref f ective

τ φ‘(t) + φ(t) = u(t)

mmf (t)

StandardF orm

(3.64)

(3.65)

where,

τ=

G
Ref f ective

u(t) = B sin(ωt)

B=

NI
Ref f ective

(3.66)

(3.67)

(3.68)

For the damaged region, τdamaged = 636 and for the undamaged region τundamaged =
924. Next, the transfer function is obtained using Laplace transformations and the function
is put into the frequency domain to obtain the magnitude and phase angle at an angular
frequency of 7540 rad/s.

1

H(s) =

s2 +

1
M (ω) = r
 2
ω 2 + τ1

 2
1

(3.69)

τ

M agnitude

(3.70)

ψ(ω) = − arctan(ωτ ) P haseAngle

(3.71)
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For the undamaged and the damaged regions, both magnitudes are calculated to be
M (7540) = 1.32626 × 10−4 and both phase angles are ψ(7540) = −90.01degrees. This
means that the change in the magnetic permeability does not significantly change the magnitude or the phase angle in the system response, so the signal will be the same for both
regions. Using the solution form in Equation 3.31 and the solved parameters above, the
magnetic flux and induced voltage for the damaged and undamaged section are shown in
Figures 3.25 and 3.26.

Figure 3.25
Steady State Magnetic Flux in the Sensing Circuit
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Figure 3.26
Steady State Induced Voltage in the Sensor Coil

The rms value for the induced voltage in the damaged and undamaged regions is
εdamaged = εundamaged = 3.702 × 10−7 V . When comparing the experimental results in
beams with the same ply construction, the results are seen in Table 3.1.
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Table 3.1
Experimental and Analytical RMS Sensing Signal Comparison for [(0)2 /m/(0)2 ]

Undamaged Region
Damaged Region

Group 1 Results
.2937 V
.291 V

Group 2 Results
.292 V
.290 V

Group 3 Results
.293 V
N/A

Analytical Results
3.702×10−7 V
3.702×10−7 V

The analytically calculated induced voltage does not vary from the damaged to undamaged area, although the magnetic permeabilites used are the extreme values from the
Etrema Terfenol-D Datasheet. The results are also six orders of magnitude from any of the
experimental results. The possible sources of uncertainty for the simulation are the path
lengths of the magnetic flux in the different mediums, the G term developed using units,
and/or the magnetic permeability calculated for the CFRP using transport properties.
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3.4.4

Analyzing Section-A: Interlaminar Failure and Delamination Propagation

From the assumptions Section-A, the shear stress and the material failure is assessed to
determine if magnetostriction will cause a healthy interlaminar region to fail. To calculate
the stress in the interlaminar matrix in Section-A, the force equilibrium equation is used to
obtain the shear forces due to the magnetostriction. For a worst case analysis, the magnetostrictive force is assumed to be the highest compressive stress seen in experimental data,
55MPa. The Terfenol-D layer is assumed to be 6 × 10−4 m thick and .025m wide, which
yields an cross-sectional area of 1.5 × 10−5 m2 and a force of 825 N. Using the reduced
equilibrium equation in Equation 3.36, the average shear force derived for a single interlaminar region is determined to be Vaverage = 419N (94lb). To calculate the shear stress,
the area used is the .124m length and .025m width contact the Terfenol-D is applying force
to. This area is 3.145 × 10−3 m2 which yields a stress of τaverage = τxy = 1.333 × 105 P a
or (19.3 psi).
For failure analysis, the Brittle Coulomb-Mohr (BCM) and the Modified-Mohr (MM)
methods are used. These methods are developed for brittle materials due to the difference
in tensile, shear, and compressive strengths. Since the stress element is in pure shear,
when rotated, the principal stresses will be equal to the shear, τxy = σ1 = σ2 . For BCM,
under the condition of σ1 < 0 < σ2 , Equation 3.73 is used to determine the critical stress.
The compressive and tensile strengths are σultcomp = 250M P a and σultten = 69M P a
respectively. Using BCM, the critical stress is 54M P a.

σ1
σultten

−

σ2
σultcomp
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=1

(3.72)

where, σ1 = σ2 = σBCM

σBCM =

1
+
σultcomp
1

(3.73)

1
σultten

Sinc BCM is a conservative method, the MM method is used because it has a better fit
to experimental failure data for brittle material. Under the conditions σ1 < 0 < σ2 and
| σ2 /σ1 ≤ 1, the critical stress is equal to the tensile strength σM M = σutlten = 69M P a.
Based on the failure analysis, the shear stress produced from magnetostriction at 55MPa
will not cause interlaminar failure or a healthy region in Section-A.
For the delamination scenario, the interlaminar stress within this region is two times
the stress in the non-delaminated region, τxy = 2.665 × 105 ∗ P a, due to the equilibrium
Equation 3.43. However, for the equilibrium equation at the crack tip, Equation 3.39 is
valid because the top and bottom plies are providing the reaction shear. So, the shear stress
at the delamination tip remains τxy = 1.333 × 105 P a.
For the fracture analysis, the stress intensity factor for mode II is calculated using
Equation 3.45. The corresponding energy release rate is calculated and compared to the
critical energy release rate of GIC = 128.368N − m/m2 . The crack length is a=.013m,
which is the length of the delamination patch embedded into the composite. From this,
the mode II stress intensity factor calculated is KII = 2.662 × 104 N −

√

m/m2 . The

energy release rate for 3501-6 under plane stress conditions with an elastic modulus of
E = 4.24GP a is GII = .167N − m/m2 . Since the strain energy release rate is a scalar
quantity, GI can be compared with the GII and is found to be significantly lower than the
critical strain release rate.
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From the three scenarios analyzed in Section-A, the reaction stress produced from a
55MPa magnetostrictive stress does not cause interlaminar material failure or delamination
propagation. Numerical simulations were also constructed to validate these results in the
Numerical Modeling Chapter.

3.4.5

Analyzing Section-B: Interlaminar Delamination Propagation

The aim of analyzing Section-B is to assess if the strain energy release rate produced
from magnetostriction exceeds the critical value, and allows the crack tip to propagate.
From the geometry and assumptions in Section-B, the compressive and shear strengths
are the two points used to plot the failure envelope of 3501-6. The compressive strength
is SC = 250M P a and the shear strength SS = 50M P a. From these, the coefficient of
friction is µ = −.54, and the yielding equation is:

τf = SS − .54σn

(3.74)

Solving the equilibrium equation for the normal and shear forces with a magnetostrictive force of 838.2N yields a normal force Nc = 384N and the shear force Vc = 208N .
From this, the vertical forces acting to open the crack are calculated to be Fy = 125N
or σy = 8.205M P a. The mode I stress intensity factor for a crack length a=520µm is
√
KI = 3.7 × 105 N m/m and the subsequent energy release rate is GI = 32.5N − m/m2 .
Based on the analytical model, the strain energy release rate does not exceed the critical
strain energy release rate for a crack to propagate in Section-B. Numerical simulations were
also constructed to validate these results in the Numerical Modeling Chapter.
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3.5

Conclusions
In summary, this chapter’s goal was to understand the mechanisms controlling the

sensing signal using a multi-domain process and to assess the effect of magnetostriction
on the boundaries for crack generation and propagation. For determining the stress state
of the Terfenol-D sensor in operation, the magnetostrictive particle actuator method was
attempted, but the experimental testing conditions did not meet the minimal experimental data in literature because the magnetic field was too low. The low magnetic field also
affected the method established to obtain the magnetic permeability, however, the maximum and minimum values from literature were used to represent a healthy and delaminated region of Terfenol-D. In calculating the sensing signal (induced voltage), a first order
equation was created using a lumped parameter model incorporating a Firestone analogy.
The parameter, G, is defined using unit analysis and the induced values calculated were 5
orders of magnitude from the values seen in experiments. Futhermore, the magnetic permeability difference, which is supposed to simulate how the magnetic domain changes in
the presence of a delamination, showed no effect on the sensing signal. The successful
contribution from this section was the development of interlaminar mechanics to assess
how magnetostriction affects the boundaries. Two sections along the interlaminar matrix
were analyzed for failure and crack propagation. In Section-A the effect of a 55MPa magnetostrictive stress had no affect on delamination generation or propagation of an existing
delamination. For Section-B, the effect of the same 55MPa magnetostrictive stress did
not cause crack propagation. In the Numerical Modeling Chapter, validation efforts are
discussed.
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CHAPTER 4
NUMERICAL MODELING

4.1

Numerical Overview
In this chapter, numerical methods are used to verify analytical methods and to gain

better insight into the complex mechanisms that theoretically allow sensing to occur. In
the first section, Nondestructive Test Modeling, a three-dimensional model is constructed
to analyze the stresses in the embedded sensor layer. In the second section, Interlaminar
Failure Modeling, models are constructed that analyze interlaminar matrix for failure and
delamination propagation due to magnetostriction stress.

4.2

Nondestructive Test Modeling
In this section, a three-dimensional finite element model, replicating the experiment,

is constructed to analyze the magneto-mechanical interaction in a laminate embedded with
Terfenol-D (TD). The goal is to observe how the delamination affects the mechanical
response of the sensor. The model employs linear constitutive equations developed by
Etrema for use in COMSOL Multiphysics [16] combined with CFRP plies with an embedded delamination. It examines the stress specifically developed in the Terfenol-D layer
since it is the primary triggering mechanism. For the numerical analysis, a quasi-static
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electro-magnetic module is combined with a stress-strain module to generate a combined
multi-physics model.

4.2.1

Model Setup

The material properties for the CFRP lamina are defined with the orthotropic properties
of AS4/3501-6 defined in Table 1.1. Given the special case unidirectional ply construction
of the laminate, the lamina properties do not need to be transformed to obtain effective orthotropic properties. The material properties used for the Terfenol-D and the constants are
defined in Table 4.1 and are from a COMSOL formulation from Slaughter [55]. The constants and expressions for the three-dimensional model are from [55] under the condition
of 20 MPa pre-stress and 60 kA/m. They are defined in Table 4.1.
Table 4.1
Constants for COMSOL model
Name Expression Value
Je
Je7
density
9200
cond
1/60e-8
gS11
2.515e5
gS33
3.4905e5
h15
4.217e7
h31
-3.1375e7
h33
5.8044e7
cB11
1.0955e11
cB33
1.0775e11
cB12
.776e11
cB13
.7689e11
cB44
.1306e11
cB66
.1597e11
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Description
current density
kg/mˆ3 (Terfenol-D)
conductivity
inv of muS
inv of muS
h15 coeff
h31 coeff
h33 coeff
cB11 elastic constant
cB33
cB12
cB13
cB44 (yz, xz)
cB66 (xy)

The constitutive equation for the numerical model has to be rearranged and put into the
form of stress, T, and the magnetic field intensity, H. The coupled equations are displayed
below, where the cB is the compliance matrix at a constant magnetic flux density, S is the
strain,h − t and h are the magnetostrictive coupling coefficients, B is the magnetic flux
density, and γ S is the inverse permeability.

T = cB S − ht B

(4.1)

H = −hS + γ S B

(4.2)

The affect of reduced magnetostriction magnitude due to particulate form is not accounted for in the numerical model, but could be done by finding the property constants
from particulate behavior data for the specific volume fraction.
This model geometry consists of a copper coil surrounding the laminate with dimensions of .025m width, 171m length, and 900 microns thick. The laminate consists of two
CFRP plies 150 microns and a Terfenol-D layer in the middle, 600 microns. The subdomain representing the delamination has dimensions of .013m length, .013m width, and
150 microns thickness. The experimental specimen pictures and the corresponding FEA
representations are displayed in Figures 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6 to give perspective.
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Figure 4.1
Experimental Specimen in Scanning Apparatus - Front View.

Figure 4.2
FEA model in scanning apparatus - front view.

94

Figure 4.3
Experimental specimen in scanning apparatus - side view.

Figure 4.4
FEA model side view.
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Figure 4.5
Experimental specimen in scanning apparatus - isometric view.

Figure 4.6
FEA model isometric view.
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In the FEA model, the electrical input of 30V at 1200 Hz is established at the port
of the excitation coil. This induces the magnetic field seen in Figure 4.7 [50] and causes
magnetostriction in the Terfenol-D. The boundary conditions for the model consisted of
rigid domains within the laminate. The delamination was constructed by defining a domain
with a very low modulus near zero to simulate no adhesion.

Figure 4.7
A Magnetic Induction Vector Plot is Shown from the Top View, Displaying the Magnetic
Induction in the Terfenol-D layer of the Laminate.

4.2.2

Results

The simulation results for the stress distribution, in the Terfenol-D layer, are displayed
below in Figures 4.8 and 4.9 [50]. All domains except for the Terfenol-D are hidden to
reveal the stress in the Terfenol-D layer where the delamination is located. Each figure
is followed by a zoomed-in caption of the delamination region. Figures 4.8 and 4.9 display the stress distribution within the Terfenol-D region [50]. The model shows a drop in
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the stress in the region of the Terfenol-D from the variation in the boundary conditions,
however, the stress magnitudes are high. This can be attributed to the linear constitutive
equations use to construct the behavior of the Terfenol-D.

Figure 4.8
Stress distribution in Terfenol-D layer.
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Figure 4.9
Stress distribution in Terfenol-D layer around delamination region.

Next, the magnetic flux density or magnetic induction in the Terfenol-D region is observed in Figures 4.10 and 4.11 [50]. The flux density is uniform across the width of the
Terfenol-D sensor and does not change in the delamination region. This is because the
magnetic permeability can only be defined as a constant within COMSOL, which makes
the magnetic flux only a function of the magnetic field and not the stress state.
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Figure 4.10
Magnetic flux density Plot in the Terfenol-D Layer.

Figure 4.11
Flux Density Plot in Terfenol-D around the Delamination region.
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The limitation for the models are due to the fact that the magnetic field produced by the
excitation coil is outside of the range of measurements used to obtain the constants for the
expression. The constants were obtained for a magnetic field of 60 kA/m and a pre-stress
of 20MPa.
While the model captures the stress variations using linear relations, the conditions
for use are severely restricted to the state in which the coefficient were measured. Also,
nonlinear relations are needed to capture the magetic flux density distribution as a function
of field intensity.

4.3

Interlaminar Failure Models
In this section, two-dimensional models are constructed to analyze the interlaminar

matrix in Section-A, immediately adjacent to the Terfenol-D for stress and strain energy
release rate verification.

4.3.1

Interlaminar Stress

The first is a finite element model constructed in COMSOL to verify the analytical
equations. It is a mechanical model with plane stress assumptions. The setup consists of
the boundary conditions seen in Figure 3.11, where the fiber strand is considered rigid and
the reaction force is V = 419N . The number of elements are 4800 with 21,586 degrees
of freedom. This force is distributed over the shear area .025m (1in) width and .124m
(4.875in) length. For the input force in COMSOL, the reaction force, is distributed over
the length of Section-A, .124 m, which gives Fx = 3.38 × 103 N/m. The numerical shear
stress and first principal stress is 1.331 × 105 P a as shown in Figure 4.12.
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Figure 4.12
First Principal stress in interlaminar region under a magnetostrictive shear load.

4.3.2

Interlaminar Delamination Propagation

The second numerical model, constructed to analyze the delamination propagation, is
modeled in FADD2D to calculate the stress intensity factors at the crack tip. The setup for
the model involves the mesh and boundary conditions shown in Figure3.14. The boundary
element mesh has 45 boundary elements and 25 crack elements seen in Figure 4.13. The
applied shear force is τavg = 1.333 × 105 P a to a crack length of .013m (.5in). The mode
II stress intensity factor calculated from KIIsimulation = 4.421 × 104 N −
strain energy release rate is GIIsimulation = 0.461N − m/m2 .
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√

m/m2 and the

Figure 4.13
Mesh and Bounary Conditions for FADD2D Analysis.

4.4

Conclusions
In this Chapter, models were created to understand the experimental nondestructive

testing and to verify two of the analytical interlaminar failure models. In the first model,
a three-dimensional finite element model is constructed to understand thes stress in the
Terfenol-D around the delamination region. The Nondestructive Testing model reveals
that there is a drop in stress in the region of the delamination, but it’s accuracy is limited
due to the linear constitutive equations used. The constant coefficients derived for the
linear constitutive equation are only accurate under the specified conditions of 20 MPa and
60 kA/m.
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For the first interlaminar failure model, the principal stresses in the matrix from the
reaction force were found to correlate well with the analytically determined principal
stresses. In the second interlaminar failure model, the mode II strain energy release rate is
off by .294N − m/m2 , but both values are far from the critical strain energy release rate of
128N − m/m2 . The discrepancy could be due to how the boundary conditions are defined
and which node the reaction force is to applied. In all, the analytical and numerical models
for Section-A correlated well. The numerical models for Section-B did not correlate well
and are an opportunity for future work.
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CHAPTER 5
RESULTS AND DISCUSSIONS

5.1

Ply count and Delamination Affect on Sensing
Based on the experimental results, the variation in plies had no discernible influence

on the sensing signal. The analytical modeling of the sensing shows that adding plies theoretically increase the elastic resistance to elongation of the Terfenol-D. This is supposed
to increase the stress in the sensor, which changes the magnetic permeability. However,
when the maximum and minimum values of the magnetic permeability are used to obtain
a voltage difference, the induced voltage does not vary. This means that although the ply
count can theoretically change the magnetic permeability, the change in the magnetic permeability does not change significantly enough to influence the induced voltage. This also
applies to the delamination presence, where the delamination allows stress release. In theory, it reduces the elastic resistance that the Terfenol-D experiences in operation, but in the
experiment (Figure 2.18) and the analytical calculations(Table 3.1) , the magnetic permeability change does not significantly affect the sensing signal. The slight decrease in the
rms induced voltage seen between the delaminated and healthy region in Table 3.1 is not
unique to the delamination region an could possibly result from sparse particle distribution
in the region.
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5.2

Fabrication Effect on Sensing
Although, the ply variation and delamination presence seem to have little effect on the

sensing signal, the amount of Terfenol-D used in the beams has a pronounced effect on the
sensing signal. Although the fabrication method is not perfected, the general trend in the
experimental results show that the higher induced voltages corresponded with beams with
higher Terfenol-D amounts. This can be attributed to the fact that with more Terfenol-D,
the magnetic field forms easier in the material path with a higher magnetic permeability.

5.3

Interlaminar Boundary
Analytically, mechanics were developed to determine the stress in interlaminar matrix

of Sections-A and B. Under a magnetostrictive stress of 55 MPa and geometry similar to
the experimental nondestructive tests, magnetostriction at this level does produce stress
large enough to exceed a failure stress of 54MPa from Brittle Coulomb Mohr or 69MPa
from Modified Mohr in both Sections. The stress for Section-A was validated numerically,
however the stress in Section-B was not.
The delamination was also examined for propagation using the critical strain energy
release rate of 3501-6, GIC = 128.368N m/m2 . The strain energy release rate for a delamination under a shear force of 419N in Section-A is shown in the Table 5.1.
Table 5.1
Strain Energy Release Rate Calculations from Section-A
2

Strain Energy Release Rate (Nm/m )
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Analytcal
.167

FADD2D
.461

The numerical solution is close to the analytical solution, with a slight difference possibly due to the way the boundary conditions, geometry, and crack length are defined in
FADD2D. These conditions influence the numerical calculation of the stress intensity factor, which is subsequently used to calculate the strain energy release rate. The analytical
method uses the interlaminar stress mechanics to determine the stress intensity factor and
strain energy release rate used in Equations 3.45 and 3.46. Since the both calculations
returned low strain energy, there will be no delamination propagation from the magnetostrictive force in Section-A.

5.4

Discrepancies Between Results and Literature
The first discrepancy noticed, were the lower induced voltage magnitudes picked up

in the sensing coil from the magnitudes in Myers and Anjanappa papers, but higher than
those in Weisensel. The results from this experiment only ranged from 280-298 mV. While
Myers [43] was obtaining induced voltage values ranging from 2-4 V, Anjannapa [13] had
values up to 8 V. In Weisensel’s paper [66], the values range from 20mV-60mV. The setup for the testing conducted in this dissertation was the same as that in Myers, however
the results are an order of a magnitude off. This could be due to safety limitations on
the generated current from the NI signal generator. The measured output from the signal
generator was 21 mA, which is already above the current threshold for painful shock at 10
mA [26].
The next discrepancy was the voltage difference from the healthy to the delaminated
region. The difference is not as discernible as those in literature. After the second fabri107

cation method was employed to control the particle distribution in experimental Groups 2
and 3, the large signal fluctuations across the beam were found to be proportional to the
particle density. In addition, 38 positions were sampled across the beam dissertation, as
opposed to only 5-7 sampled positions in literature.

5.5

Challenges
The first challenge was establishing a fabrication method that provided an even particle

distribution. This parameter must be controlled in order to firmly understand how the
delamination affects the sensing signal. The trench tool develop by Dustin Spayde was
helpful in making a more even distribution, but it was still susceptible to errors as seen in
Group 3 results. An automated method is needed to distribute the particles reliably.
The next challenge experimentally was adjusting the current in the signal generator to
get higher induced signal values. Since the signal generator is limited to a maximum current of 21mA generated, this resulted in low induced voltage values. The lower resolution
value for the data acquisition is +/-.3 V, and it picked up test values slightly lower in the
beams ranging from .280-.298V.
In the analytical models, finding the stresses on the crack face in Section-B presented
a challenge. The equilibrium and compatibility equation used were based on a wedge assumption and derived from the failure envelope of 3501-6. The analytical solution suggests
that there are opening forces on the crack-face, however, after numerical analysis, the crack
tip is under compression. So, another approach may need to be used to verify the actual
stresses in Section-B.
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Also, in the Analytical Modeling section, stress calculations were based on bulk material behavior data and not particulate behavior data. Although the load line equation was
modified to account for a reduction in the magnetostriction magnitude, the experimental
material data was not. Experimental data for the volume fraction is needed at varying compression loads and magnetic field intensities to develop an experimental curve to correlate
the load line equation with.
In numerical modeling, solving for the stress with the linear coupled equations and
constant parameters limited the accuracy of the model. The parameters like the modulus, magnetomechanical coupling coefficient, and the magnetic permeability need to be
iteratively obtained because they are not constants as the literature shows. Even if the parameters could be solved iteratively, the linear constitutive equations still restricts the range
of magnetic fields the equation could be used in. Nonlinear equations that can iteratively
post-process the parameters is the ideal solution.
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CHAPTER 6
CONCLUSIONS

6.1

Synopsis
An investigation of a magnetostrictive based nondestructive testing method using

Terfenol-D embedded in CFRP was conducted to analyze how parameters like delamination presence, varying ply counts, and particle distribution techniques influence the induced
voltage. Also, the possibility of interlaminar failure due to sensor operation is analyzed.
Methods used to investigate were experimental, analytical, and numerical.
The research could not firmly verify how the delamination affected the sensing signal
due to particle distribution issues. The general trend from the data shows the sensing signal
dropping in the middle of the beam, whether a delamination was present (Group 2) or not
(Group 3).
The induced voltage is analyzed using experimental nondestructive beam scans and the
parameters are analyzed in a multi-step analytical process to define a first order differential
equation. The induced voltages acquired by both methods were compared and found to be
several orders of magnitudes different. The key parameter found to affect the induced voltage was the particle distribution technique, while the other parameters had no discernible
effect on the sensing signal.
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The fundamental trigger for damage sensing, stress, was also modeled using a multiphysics three-dimensional finite element analysis to observe how the stress distribution
forms in the Terfenol-D around the delamination region. The stress was found to drop in
the delamination region.
The effect of magnetostriction on the interlaminar boundaries was analyzed for material
failure and delamination propagation using Coulomb-Mohr theories and the critical strain
energy release rate and found to be safe during operation under 55 MPa magnetostriction
stress in Section-A.
In all, the research suggests a standardization of the sensor distribution method for
CFRP embedded Terfenol-D particulate sensors and a re-evaluation of the sensing capabilities for this sensing type, using more data sampling in the specimens. The reliability of
damage sensing must be methodically determined using tighter fabrication controls.

6.2

Contributions
This research contributes to the field of nondestructive testing methods for fiber rein-

forced polymer materials by providing experimental sensing data for new testing conditions, a multiphysics model, and mechanics for interlaminar failure assessment. The novel
conditions for the experimental testing are varying ply counts, delamination presence, and
multiple sensor distribution techniques. In addition to this, the specimens were scanned
every 6.35x10−3 m (.25 inches) or 38 positions along the beam as opposed to 5-10 positions in literature. Having a higher beam scan resolution is important because it allows
the signal fluctuations to be characterized using the positions immediately near the area to
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give context to the signal for damage interpretation. In other words, a misinterpretation of
the signal can be avoided. The next contribution is the fully coupled, multi-physics threedimensional embedded CFRP model, which displays the Terfenol-D’s stress distribution in
and around a delaminated region. This model gives insight into how the sensing layer, hidden behind the CFRP layers, behaves and can be used in embedded sensor design to predict
the stress. However, the limitations of the linear constitutive equations must be in mind.
The next contribution is a new approach to analytically modeling the magnetic circuit for
sensing. The sensing system is modeled using the Maxwell or Impedance Analogy to develop a first order differential equation. This approach is novel because it accounts for the
sensing coil through a ”G” term, which simplifies the process for calculating the induced
voltage. The final contribution is the development of interlaminar mechanics in Section-A,
which examine if the magnetostrictive drive causes interlaminar failure or delamination
propagation. The sensor’s magnetostrictive force is an additional potential failure mechanism, aside from void based mechanisms, that has the potential to damage the structure
as well. In all, This work contributes to characterizing the magnetostrictive method using
Terfenol-D sensors embedded in CFRP for delamination sensing.
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APPENDIX A
FABRICATION INSTRUCTIONS
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A.1

Hand Lay-up Method

1. Prepare the mold using the waterclean, sealergp, and enviroshield instructions
2. Assemble the base of the mold with the side pieces.
3. Cut strips of prepreg fibers
4. Cut strips of peel ply
5. Lay the peel ply down first followed by however many fiber layers desired.
6. When the terfenol-d layer is ready to be applied, weigh a generous amount on a scale
(using a separate container)
7. Distribute 2 grams from the container evenly across the middle section of the beam,
within 2 inches from the edges of the laminate.
8. Press the particles into the laminate, allowing the particles to embed into the epoxy.
Excess particles will be removed in the following step.
9. Flip the mold upside down and allow free particles to fall onto a clean sheet for reuse.
10. Apply delamination, if desired
11. Continue laying strips of prepreg until desired number of plies is achieved
12. Place a peel ply layer on the final layer
13. Assemble complete mold and torque the bolts to 10 in-lb (torque specific to current
set-up to achieve approximately 100 psi)
14. Place in the oven at 350 deg Farenheit for 3.5 hrs or 300 for 4 hrs.
15. Carefully remove and allow a couple hours to completely cool before releasing top.
Failure to do so could result in specimen curvature.
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A.2

Trench Method

1. Prepare the mold using the waterclean, sealergp, and enviroshield instructions
2. Assemble the base of the mold with the side pieces.
3. Cut strips of prepreg fibers
4. Cut strips of peel ply
5. Lay the peel ply down first, followed by carbon fiber layers.
6. When the sensor layer is reached, prepare the Terfenol-D by distributing particles
into the trench tool as evenly as possible. The goal for the method is smooth particle
distribution with in the tool, so deposited amounts may vary.
7. Maneuver the trench tool with Terfenol-D particles onto the CFRP layer.
8. Apply delamination, if desired
9. Continue laying strips of prepreg until desired number of plies is achieved
10. Place a peel ply layer on the final layer
11. Assemble complete mold and torque the bolts to 10 in-lb (torque specific to current
set-up to achieve approximately 100 psi)
12. Place in the oven at 350 deg Farenheit for 3.5 hrs or 300 for 4 hrs.
13. Carefully remove and allow a couple hours to completely cool before releasing top.
Failure to do so could result in specimen curvature.
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APPENDIX B
MAGNETIC SUSCEPTIBILITY CALCULATIONS FOR EPOXY
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The magnetic susceptibility for the epoxy is approximated using a regressed equation
provided from data in [6]. In general, the magnetic susceptibility is diamagnetic over the
tested temperature range 2.5-400 Kelvin.

χ=

C
+ χd
T

(B.1)

The C is (1.76 ± .04) × 10−7 K − cm3 /g, T is the temperature in Kelvin, and χd is the
diamagnetic contribution −(6.3 ± 0.1) × 10−7 cm3 /g.
For a temperature of T=297K, approximately 75 degrees Fahrenheit, the magnetic susceptibility is −6.294 × 10−7 cm3 /g.
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APPENDIX C
EXPERIMENTAL RAW DATA: GROUP 1
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Table C.1
Group 1 Experimental Data 2-4 Ply Laminates/ 212-300µm sized particles/ Embedded
.5in x.5in delamination

Position Voltage [0/m/d/0]
0.25
0.284+/-.00002
0.5
0.284+/-.00002
0.75
0.284+/-.00001
1
0.284+/-.00001
1.25
0.284+/-.00002
1.5
0.284+/-.00001
1.75
0.284+/-.00001
2
0.287+/-.00001
2.25
0.29+/-.00053
2.5
0.289+/-.00002
2.75
0.291+/-.00001
3
0.291+/-.00001
3.25
0.29+/-.00002
3.5
0.29+/-.00001
3.75
0.292+/-.00002
4
0.291+/-.00001
4.25
0.291+/-.00002
4.5
0.29+/-.00001
4.75
0.29+/-.00001

Voltage [0/m/d/[0]2]
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.286+/-.00001
0.288+/-.00002
0.288+/-.00002
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
0.288+/-.00002
0.288+/-.00002
0.288+/-.00002
0.287+/-.00002
0.288+/-.00002
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Voltage [[0]2/m/d/[0]2]
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.286+/-.00002
0.289+/-.00002
0.288+/-.00002
0.289+/-.00001
0.289+/-.00001
0.289+/-.00002
0.288+/-.00001
0.289+/-.00001
0.289+/-.00002
0.292+/-.00001
0.292+/-.00001
0.291+/-.00002

Table C.1
Group 1 Experimental Data 2-4 Ply Laminates/ 212-300µm sized particles/ Embedded
.5in x.5in delamination

Position Voltage [0/m/d/0]
5
0.288+/-.00001
5.25
0.288+/-.00002
5.5
0.288+/-.00001
5.75
0.289+/-.00002
6
0.288+/-.00002
6.25
0.289+/-.00001
6.5
0.289+/-.00002
6.75
0.288+/-.00002
7
0.287+/-.00001
7.25
0.287+/-.00002
7.5
0.287+/-.00002
7.75
0.285+/-.00001
8
0.284+/-.00001
8.25
0.284+/-.00001
8.5
0.284+/-.00001
8.75
0.284+/-.00002
9
0.284+/-.00001
9.25
0.284+/-.00001
9.5
0.284+/-.00001

Voltage [0/m/d/[0]2]
0.288+/-.00002
0.288+/-.00001
0.289+/-.00002
0.289+/-.00001
0.289+/-.00002
0.289+/-.00002
0.288+/-.00001
0.289+/-.00002
0.291+/-.00001
0.29+/-.00001
0.288+/-.00002
0.287+/-.00001
0.286+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
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Voltage [[0]2/m/d/[0]2]
0.291+/-.00001
0.29+/-.00001
0.29+/-.00001
0.29+/-.00001
0.289+/-.00001
0.29+/-.00001
0.294+/-.00002
0.294+/-.00001
0.292+/-.00001
0.291+/-.00002
0.289+/-.00001
0.29+/-.00001
0.291+/-.00002
0.286+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001

Table C.2
Group 1 Experimental Data 5-7 Ply Laminates/ 212-300µm sized particles/ Embedded
.5in x.5in delamination

Position Voltage [[0]3/m/d/[0]2]
0.25
0.285+/-.00002
0.5
0.285+/-.00001
0.75
0.285+/-.00001
1
0.285+/-.00001
1.25
0.285+/-.00001
1.5
0.287+/-.00002
1.75
0.292+/-.00001
2
0.291+/-.00001
2.25
0.289+/-.00002
2.5
0.288+/-.00002
2.75
0.288+/-.00001
3
0.29+/-.00001
3.25
0.289+/-.00002
3.5
0.289+/-.00001
3.75
0.289+/-.00001
4
0.288+/-.00002
4.25
0.289+/-.00001
4.5
0.288+/-.00001
4.75
0.288+/-.00001

Voltage [[0]3/m/d/[0]3]
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001
0.285+/-.00001
0.289+/-.00001
0.291+/-.00001
0.288+/-.00001
0.287+/-.00002
0.287+/-.00001
0.288+/-.00001
0.289+/-.00001
0.288+/-.00001
0.288+/-.00002
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
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Voltage [[0]4/m/d/[0]3]
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.285+/-.00001
0.286+/-.00001
0.288+/-.00001
0.289+/-.00001
0.289+/-.00002
0.289+/-.00001
0.288+/-.00001
0.288+/-.00002
0.288+/-.00001
0.288+/-.00001
0.29+/-.00001
0.292+/-.00002
0.29+/-.00002
0.29+/-.00001

Table C.2
Group 1 Experimental Data 5-7 Ply Laminates/ 212-300µm sized particles/ Embedded
.5in x.5in delamination

Position Voltage [[0]3/m/d/[0]2]
5
0.289+/-.00001
5.25
0.288+/-.00001
5.5
0.288+/-.00002
5.75
0.288+/-.00002
6
0.289+/-.00001
6.25
0.289+/-.00001
6.5
0.289+/-.00001
6.75
0.29+/-.00002
7
0.289+/-.00002
7.25
0.291+/-.00002
7.5
0.297+/-.00001
7.75
0.29+/-.00001
8
0.285+/-.00001
8.25
0.285+/-.00001
8.5
0.284+/-.00001
8.75
0.284+/-.00001
9
0.284+/-.00001
9.25
0.284+/-.00002
9.5
0.284+/-.00001

Voltage [[0]3/m/d/[0]3]
0.289+/-.00001
0.289+/-.00001
0.288+/-.00001
0.288+/-.00001
0.289+/-.00001
0.29+/-.00002
0.292+/-.00002
0.292+/-.00002
0.289+/-.00002
0.289+/-.00001
0.289+/-.00001
0.29+/-.00001
0.287+/-.00001
0.285+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
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Voltage [[0]4/m/d/[0]3]
0.289+/-.00001
0.288+/-.00002
0.289+/-.00002
0.289+/-.00001
0.29+/-.00003
0.29+/-.00001
0.289+/-.00001
0.289+/-.00001
0.289+/-.00001
0.289+/-.00001
0.288+/-.00001
0.288+/-.00002
0.287+/-.00002
0.285+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002

APPENDIX D
EXPERIMENTAL RAW DATA: GROUP 2

129

Table D.1
Group 2 Experimental Data 2-4 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination

Position
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75

[0/m/d/0] MSP-1.9g
0.285+/-.00002
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.287+/-.00002
0.292+/-.00001
0.292+/-.00001
0.292+/-.00001
0.291+/-.00001
0.29+/-.00001
0.29+/-.00002
0.289+/-.00001
0.289+/-.00001
0.289+/-.00002
0.289+/-.00002
0.29+/-.00002
0.29+/-.00002

[[0]2/m/d/0] MSP-2.0g
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.286+/-.00002
0.292+/-.00002
0.293+/-.00001
0.292+/-.00002
0.291+/-.00001
0.291+/-.00002
0.29+/-.00001
0.29+/-.00002
0.29+/-.00001
0.29+/-.00001
0.29+/-.00002
0.29+/-.00002

130

[[0]2/m/d/[0]2] MSP-2.0g
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.285+/-.00001
0.291+/-.00002
0.292+/-.00001
0.292+/-.00002
0.291+/-.00002
0.291+/-.00002
0.291+/-.00002
0.291+/-.00001
0.29+/-.00002
0.291+/-.00001
0.29+/-.00002
0.29+/-.00001
0.29+/-.00001

Table D.1
Group 2 Experimental Data 2-4 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination

Position
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7
7.25
7.5
7.75
8
8.25
8.5
8.75
9
9.25
9.5

[0/m/d/0] MSP-1.9g
0.29+/-.00004
0.29+/-.00001
0.29+/-.00002
0.289+/-.00002
0.289+/-.00002
0.289+/-.00001
0.289+/-.00001
0.29+/-.00001
0.29+/-.00001
0.291+/-.00002
0.291+/-.00002
0.286+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00002
0.285+/-.00002

[[0]2/m/d/0] MSP-2.0g
0.29+/-.00001
0.29+/-.00002
0.29+/-.00001
0.29+/-.00001
0.29+/-.00002
0.29+/-.00001
0.29+/-.00001
0.29+/-.00001
0.29+/-.00001
0.291+/-.00001
0.292+/-.00002
0.293+/-.00002
0.289+/-.00001
0.285+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
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[[0]2/m/d/[0]2] MSP-2.0g
0.29+/-.00002
0.29+/-.00002
0.29+/-.00002
0.291+/-.00001
0.291+/-.00002
0.29+/-.00001
0.291+/-.00002
0.291+/-.00001
0.291+/-.00001
0.292+/-.00001
0.292+/-.00002
0.286+/-.00001
0.285+/-.00002
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00002

Table D.2
Group 2 Experimental Data 5-7 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]3/m/d/[0]2] MSP-2.3g
0.25
0.284+/-.00002
0.5
0.284+/-.00001
0.75
0.284+/-.00001
1
0.284+/-.00001
1.25
0.284+/-.00002
1.5
0.285+/-.00001
1.75
0.286+/-.00001
2
0.292+/-.00003
2.25
0.293+/-.00001
2.5
0.292+/-.00002
2.75
0.292+/-.00002
3
0.292+/-.00001
3.25
0.291+/-.00002
3.5
0.291+/-.00001
3.75
0.29+/-.00001
4
0.29+/-.00002
4.25
0.29+/-.00001
4.5
0.289+/-.00002
4.75
0.289+/-.00001

[[0]3/m/d/[0]3] MSP-2.1g
0.284+/-.00003
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00002
0.287+/-.00001
0.291+/-.00001
0.291+/-.00001
0.291+/-.00001
0.29+/-.00001
0.29+/-.00002
0.29+/-.00001
0.289+/-.00001
0.289+/-.00002
0.289+/-.00002
0.289+/-.00001
0.289+/-.00002
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[[0]4/m/d/[0]3] MSP-3.0g
0.284+/-.00002
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00003
0.284+/-.00001
0.284+/-.00002
0.285+/-.00002
0.286+/-.00002
0.291+/-.00002
0.293+/-.00001
0.293+/-.00002
0.292+/-.00002
0.292+/-.00002
0.292+/-.00002
0.292+/-.00003
0.292+/-.00002
0.292+/-.00001
0.292+/-.00002

Table D.2
Group 2 Experimental Data 5-7 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]3/m/d/[0]2] MSP-2.3g
5
0.29+/-.00001
5.25
0.29+/-.00001
5.5
0.291+/-.00002
5.75
0.291+/-.00001
6
0.291+/-.00001
6.25
0.291+/-.00001
6.5
0.291+/-.00001
6.75
0.291+/-.00002
7
0.291+/-.00002
7.25
0.292+/-.00002
7.5
0.292+/-.00002
7.75
0.286+/-.00001
8
0.284+/-.00002
8.25
0.284+/-.00001
8.5
0.284+/-.00002
8.75
0.284+/-.00002
9
0.284+/-.00001
9.25
0.284+/-.00001
9.5
0.284+/-.00002

[[0]3/m/d/[0]3] MSP-2.1g
0.289+/-.00002
0.29+/-.00001
0.29+/-.00002
0.291+/-.00001
0.291+/-.00002
0.291+/-.00001
0.29+/-.00001
0.29+/-.00002
0.29+/-.00002
0.291+/-.00002
0.291+/-.00001
0.292+/-.00001
0.285+/-.00002
0.284+/-.00002
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001
0.284+/-.00003
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[[0]4/m/d/[0]3] MSP-3.0g
0.292+/-.00002
0.291+/-.00002
0.292+/-.00002
0.293+/-.00002
0.293+/-.00002
0.292+/-.00001
0.292+/-.00001
0.293+/-.00002
0.293+/-.00002
0.294+/-.00003
0.294+/-.00002
0.294+/-.00003
0.293+/-.00002
0.286+/-.00002
0.284+/-.00002
0.284+/-.00003
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001

Table D.3
Group 2 Experimental Data 8-10 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]4/m/d/[0]4] MSP-2.3g
0.25
0.284+/-.00002
0.5
0.284+/-.00001
0.75
0.284+/-.00002
1
0.284+/-.00002
1.25
0.284+/-.00002
1.5
0.285+/-.00003
1.75
0.285+/-.00002
2
0.289+/-.00002
2.25
0.29+/-.00002
2.5
0.289+/-.00002
2.75
0.29+/-.00002
3
0.29+/-.00001
3.25
0.289+/-.00002
3.5
0.288+/-.00003
3.75
0.289+/-.00001
4
0.289+/-.00002
4.25
0.29+/-.00002
4.5
0.29+/-.00003
4.75
0.289+/-.00003

[[0]5/m/d/[0]4] MSP-2.4g
0.285+/-.00002
0.284+/-.00001
0.285+/-.00002
0.285+/-.00003
0.284+/-.00002
0.285+/-.00001
0.285+/-.00002
0.291+/-.00001
0.293+/-.00001
0.292+/-.00001
0.292+/-.00001
0.292+/-.00004
0.292+/-.00001
0.291+/-.00002
0.291+/-.00002
0.292+/-.00005
0.291+/-.00002
0.291+/-.00002
0.29+/-.00003
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[[0]5/m/d/[0]5] MSP-2.3g
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00002
0.287+/-.00001
0.293+/-.00002
0.294+/-.00003
0.293+/-.00001
0.293+/-.00002
0.292+/-.00001
0.292+/-.00002
0.292+/-.00002
0.292+/-.00002
0.291+/-.00002
0.291+/-.00002
0.291+/-.00002
0.29+/-.00003

Table D.3
Group 2 Experimental Data 8-10 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]4/m/d/[0]4] MSP-2.3g
5
0.289+/-.00002
5.25
0.288+/-.00002
5.5
0.289+/-.00002
5.75
0.29+/-.00001
6
0.29+/-.00002
6.25
0.29+/-.00002
6.5
0.29+/-.00002
6.75
0.29+/-.00002
7
0.291+/-.00002
7.25
0.291+/-.00002
7.5
0.29+/-.00002
7.75
0.289+/-.00001
8
0.285+/-.00002
8.25
0.285+/-.00002
8.5
0.284+/-.00001
8.75
0.284+/-.00002
9
0.284+/-.00002
9.25
0.284+/-.00002
9.5
0.284+/-.00001

[[0]5/m/d/[0]4] MSP-2.4g
0.29+/-.00001
0.291+/-.00003
0.291+/-.00002
0.291+/-.00002
0.291+/-.00001
0.291+/-.00002
0.291+/-.00002
0.293+/-.00003
0.294+/-.00002
0.294+/-.00001
0.294+/-.00004
0.287+/-.00001
0.285+/-.00002
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001
0.284+/-.00002
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[[0]5/m/d/[0]5] MSP-2.3g
0.29+/-.00002
0.291+/-.00002
0.291+/-.00002
0.292+/-.00002
0.292+/-.00002
0.292+/-.00003
0.292+/-.00002
0.293+/-.00002
0.293+/-.00002
0.294+/-.00003
0.294+/-.00002
0.29+/-.00002
0.285+/-.00003
0.284+/-.00004
0.284+/-.00002
0.284+/-.00002
0.284+/-.00003
0.284+/-.00002
0.284+/-.00001

Table D.4
Group 2 Experimental Data 11-13 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]6/m/d/[0]5] MSP-3.2g
0.25
0.284+/-.00002
0.5
0.284+/-.00002
0.75
0.284+/-.00002
1
0.284+/-.00002
1.25
0.284+/-.00003
1.5
0.284+/-.00002
1.75
0.284+/-.00001
2
0.285+/-.00001
2.25
0.291+/-.00003
2.5
0.294+/-.00002
2.75
0.293+/-.00001
3
0.292+/-.00002
3.25
0.291+/-.00001
3.5
0.291+/-.00002
3.75
0.291+/-.00001
4
0.291+/-.00001
4.25
0.291+/-.00002
4.5
0.291+/-.00001
4.75
0.29+/-.00003

[[0]6/m/d/[0]6] MSP-2.3g
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.286+/-.00002
0.292+/-.00002
0.293+/-.00002
0.293+/-.00002
0.292+/-.00002
0.291+/-.00001
0.291+/-.00001
0.291+/-.00002
0.292+/-.00003
0.291+/-.00002
0.292+/-.00002
0.291+/-.00002
0.291+/-.00002
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[[0]6/m/d/[0]7] MSP-2.5g
0.284+/-.00001
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
0.285+/-.00001
0.285+/-.00002
0.286+/-.00001
0.293+/-.00001
0.293+/-.00001
0.292+/-.00001
0.292+/-.00001
0.292+/-.00001
0.291+/-.00001
0.291+/-.00002
0.291+/-.00001
0.292+/-.00002
0.292+/-.00002
0.292+/-.00001
0.291+/-.00001

Table D.4
Group 2 Experimental Data 11-13 Ply Laminates/ 38-120µm sized particles/ Embedded
.5in x.5in delamination
Position [[0]6/m/d/[0]5] MSP-3.2g
5
0.29+/-.00002
5.25
0.29+/-.00002
5.5
0.291+/-.00002
5.75
0.291+/-.00002
6
0.291+/-.00002
6.25
0.291+/-.00001
6.5
0.291+/-.00001
6.75
0.291+/-.00002
7
0.292+/-.00001
7.25
0.292+/-.00001
7.5
0.294+/-.00001
7.75
0.291+/-.00001
8
0.287+/-.00001
8.25
0.284+/-.00001
8.5
0.284+/-.00002
8.75
0.284+/-.00002
9
0.284+/-.00001
9.25
0.284+/-.00003
9.5
0.284+/-.00001

[[0]6/m/d/[0]6] MSP-2.3g
0.291+/-.00002
0.291+/-.00002
0.291+/-.00001
0.292+/-.00002
0.292+/-.00001
0.292+/-.00001
0.29+/-.00002
0.29+/-.00001
0.29+/-.00002
0.291+/-.00002
0.291+/-.00002
0.288+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00003
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
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[[0]6/m/d/[0]7] MSP-2.5g
0.291+/-.00002
0.291+/-.00001
0.291+/-.00002
0.292+/-.00002
0.292+/-.00002
0.292+/-.00001
0.291+/-.00001
0.291+/-.00001
0.291+/-.00002
0.293+/-.00001
0.295+/-.00002
0.289+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001

Table D.5
Group 2 Experimental Data 14 Ply Laminate/ 38-120µm sized particles/ Embedded .5in
x.5in delamination
Position
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75

[[0]7/m/d/[0]7] MSP-2.7g
0.285+/-.00002
0.285+/-.00001
0.285+/-.00003
0.285+/-.00003
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.29+/-.00001
0.295+/-.00002
0.294+/-.00002
0.293+/-.00002
0.292+/-.00002
0.293+/-.00002
0.293+/-.00001
0.293+/-.00002
0.294+/-.00004
0.294+/-.00003
0.293+/-.00001
0.292+/-.00002
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Table D.5
Group 2 Experimental Data 14 Ply Laminate/ 38-120µm sized particles/ Embedded .5in
x.5in delamination
Position
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7
7.25
7.5
7.75
8
8.25
8.5
8.75
9
9.25
9.5

[[0]7/m/d/[0]7] MSP-2.7g
0.292+/-.00002
0.292+/-.00001
0.293+/-.00002
0.293+/-.00002
0.292+/-.00002
0.292+/-.00002
0.292+/-.00002
0.293+/-.00001
0.293+/-.00002
0.294+/-.00002
0.294+/-.00002
0.295+/-.00001
0.287+/-.00002
0.285+/-.00002
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00002
0.285+/-.00002
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Table E.1
Group 3 Experimental Data 2-4 Ply Laminates/ 38-120µm sized particles/ No embedded
delamination

Position
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75

[0/m/0] MSP-2.7g [[0]/m/[0]2] MSP-2.7g
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.288+/-.00002
0.286+/-.00001
0.293+/-.00002
0.291+/-.00002
0.294+/-.00002
0.293+/-.00002
0.293+/-.00001
0.293+/-.00002
0.292+/-.00002
0.293+/-.00001
0.292+/-.00002
0.292+/-.00002
0.292+/-.00002
0.291+/-.00002
0.292+/-.00002
0.292+/-.00001
0.293+/-.00001
0.292+/-.00002
0.292+/-.00002
0.291+/-.00002
0.292+/-.00002
0.292+/-.00001
0.292+/-.00002
0.293+/-.00002
0.292+/-.00002
0.293+/-.00002
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[[0]2/m/[0]2] MSP-2.4g
0.286+/-.00001
0.283+/-.00002
0.283+/-.00002
0.283+/-.00001
0.284+/-.00001
0.284+/-.00001
0.284+/-.00001
0.287+/-.00001
0.291+/-.00001
0.291+/-.00001
0.291+/-.00001
0.291+/-.00002
0.291+/-.00001
0.29+/-.00002
0.29+/-.00002
0.29+/-.00001
0.292+/-.00006
0.292+/-.00002
0.292+/-.00002

Table E.1
Group 3 Experimental Data 2-4 Ply Laminates/ 38-120µm sized particles/ No embedded
delamination

Position
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7
7.25
7.5
7.75
8
8.25
8.5
8.75
9
9.25
9.5

[0/m/0] MSP-2.7g [[0]/m/[0]2] MSP-2.7g
0.293+/-.00002
0.292+/-.00002
0.293+/-.00002
0.291+/-.00002
0.293+/-.00002
0.291+/-.00002
0.293+/-.00001
0.291+/-.00002
0.292+/-.00001
0.29+/-.00001
0.292+/-.00001
0.291+/-.00001
0.292+/-.00002
0.291+/-.00003
0.293+/-.00001
0.291+/-.00001
0.293+/-.00001
0.291+/-.00001
0.294+/-.00002
0.292+/-.00001
0.294+/-.00001
0.293+/-.00003
0.288+/-.00002
0.29+/-.00002
0.285+/-.00001
0.285+/-.00003
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
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[[0]2/m/[0]2] MSP-2.4g
0.292+/-.00002
0.292+/-.00001
0.292+/-.00002
0.292+/-.00001
0.292+/-.00001
0.292+/-.00002
0.292+/-.00001
0.293+/-.00002
0.292+/-.00005
0.292+/-.00002
0.293+/-.00002
0.293+/-.00002
0.289+/-.00027
0.285+/-.00003
0.284+/-.00011
0.284+/-.00014
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002

Table E.2
Group 3 Experimental Data 5-7 Ply Laminates/ 38-120µm sized particles/ No embedded
delamination
Position [[0]3/m/[0]2] MSP-2.2g [[0]3/m/[0]3] MSP-2.6g [[0]3/m/[0]4] MSP-2.1g
0.25
0.284+/-.00056
0.285+/-.00001
0.284+/-.00002
0.5
0.284+/-.00004
0.285+/-.00001
0.283+/-.00003
0.75
0.284+/-.00001
0.285+/-.00002
0.283+/-.00002
1
0.284+/-.00002
0.285+/-.00001
0.283+/-.00001
1.25
0.284+/-.00001
0.285+/-.00001
0.283+/-.00002
1.5
0.285+/-.00002
0.285+/-.00001
0.284+/-.00001
1.75
0.289+/-.00001
0.289+/-.00001
0.285+/-.00001
2
0.294+/-.00002
0.293+/-.00001
0.289+/-.00001
2.25
0.293+/-.00002
0.294+/-.00001
0.29+/-.00002
2.5
0.293+/-.00002
0.293+/-.00001
0.287+/-.00002
2.75
0.292+/-.00002
0.293+/-.00002
0.287+/-.00001
3
0.292+/-.00002
0.292+/-.00002
0.288+/-.00002
3.25
0.292+/-.00001
0.292+/-.00001
0.288+/-.00002
3.5
0.292+/-.00001
0.291+/-.00001
0.288+/-.00001
3.75
0.292+/-.00002
0.292+/-.00002
0.288+/-.00001
4
0.292+/-.00001
0.292+/-.00001
0.29+/-.00002
4.25
0.292+/-.00001
0.291+/-.00002
0.29+/-.00001
4.5
0.292+/-.00001
0.291+/-.00001
0.29+/-.00001
4.75
0.292+/-.00001
0.291+/-.00002
0.29+/-.00002
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Table E.2
Group 3 Experimental Data 5-7 Ply Laminates/ 38-120µm sized particles/ No embedded
delamination
Position [[0]3/m/[0]2] MSP-2.2g [[0]3/m/[0]3] MSP-2.6g [[0]3/m/[0]4] MSP-2.1g
5
0.292+/-.00001
0.29+/-.00001
0.29+/-.00001
5.25
0.291+/-.00001
0.291+/-.00001
0.289+/-.00001
5.5
0.291+/-.00001
0.292+/-.00001
0.289+/-.00001
5.75
0.292+/-.00002
0.291+/-.00001
0.289+/-.00001
6
0.292+/-.00001
0.29+/-.00001
0.289+/-.00002
6.25
0.292+/-.00002
0.29+/-.00001
0.289+/-.00001
6.5
0.292+/-.00001
0.291+/-.00002
0.289+/-.00001
6.75
0.292+/-.00002
0.291+/-.00006
0.289+/-.00001
7
0.293+/-.00002
0.293+/-.00001
0.289+/-.00001
7.25
0.293+/-.00001
0.295+/-.00002
0.289+/-.00002
7.5
0.294+/-.00001
0.296+/-.00001
0.288+/-.00001
7.75
0.288+/-.00001
0.292+/-.00002
0.284+/-.00001
8
0.286+/-.00001
0.285+/-.00001
0.284+/-.00001
8.25
0.286+/-.00001
0.284+/-.00001
0.284+/-.00001
8.5
0.285+/-.00002
0.284+/-.00001
0.284+/-.00001
8.75
0.285+/-.00002
0.284+/-.00002
0.284+/-.00001
9
0.285+/-.00001
0.284+/-.00001
0.284+/-.00001
9.25
0.285+/-.00002
0.284+/-.00001
0.284+/-.00002
9.5
0.285+/-.00001
0.284+/-.00001
0.284+/-.00001
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Table E.3
Group 3 Experimental Data 8-10 Ply Laminates/ 38-120µm sized particles/ No
embedded delamination
Position [[0]4/m/[0]4] MSP-2.4g [[0]5/m/[0]4] MSP-2.8g [[0]5/m/[0]5] MSP-2.2g
0.25
0.284+/-.00001
0.284+/-.00001
0.283+/-.00001
0.5
0.284+/-.00001
0.284+/-.00001
0.283+/-.00001
0.75
0.284+/-.00002
0.284+/-.00001
0.283+/-.00002
1
0.284+/-.00001
0.284+/-.00001
0.283+/-.00001
1.25
0.284+/-.00001
0.283+/-.00001
0.283+/-.00001
1.5
0.284+/-.00001
0.284+/-.00001
0.283+/-.00001
1.75
0.288+/-.00001
0.284+/-.00002
0.284+/-.00002
2
0.289+/-.00002
0.289+/-.00002
0.285+/-.00001
2.25
0.289+/-.00001
0.293+/-.00002
0.287+/-.00001
2.5
0.289+/-.00002
0.293+/-.00002
0.288+/-.00001
2.75
0.289+/-.00002
0.29+/-.00002
0.289+/-.00001
3
0.289+/-.00001
0.29+/-.00001
0.289+/-.00001
3.25
0.289+/-.00001
0.289+/-.00001
0.288+/-.00001
3.5
0.289+/-.00001
0.29+/-.00001
0.289+/-.00001
3.75
0.289+/-.00002
0.29+/-.00002
0.29+/-.00002
4
0.289+/-.00001
0.29+/-.00002
0.292+/-.00002
4.25
0.289+/-.00001
0.291+/-.00001
0.292+/-.00002
4.5
0.289+/-.00001
0.29+/-.00002
0.288+/-.00001
4.75
0.29+/-.00001
0.29+/-.00002
0.286+/-.00002
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Table E.3
Group 3 Experimental Data 8-10 Ply Laminates/ 38-120µm sized particles/ No
embedded delamination
Position [[0]4/m/[0]4] MSP-2.4g [[0]5/m/[0]4] MSP-2.8g [[0]5/m/[0]5] MSP-2.2g
5
0.29+/-.00001
0.291+/-.00001
0.287+/-.00002
5.25
0.289+/-.00001
0.292+/-.00001
0.287+/-.00002
5.5
0.289+/-.00001
0.292+/-.00002
0.287+/-.00002
5.75
0.289+/-.00001
0.292+/-.00002
0.288+/-.00002
6
0.289+/-.00001
0.291+/-.00001
0.289+/-.00002
6.25
0.289+/-.00001
0.29+/-.00001
0.287+/-.00001
6.5
0.289+/-.00002
0.291+/-.00002
0.287+/-.00001
6.75
0.29+/-.00001
0.291+/-.00002
0.291+/-.00002
7
0.291+/-.00001
0.293+/-.00001
0.293+/-.00002
7.25
0.291+/-.00002
0.293+/-.00001
0.293+/-.00001
7.5
0.288+/-.00002
0.294+/-.00001
0.292+/-.00002
7.75
0.283+/-.00002
0.291+/-.00001
0.29+/-.00001
8
0.283+/-.00002
0.286+/-.00001
0.285+/-.00001
8.25
0.282+/-.00001
0.285+/-.00002
0.284+/-.00002
8.5
0.282+/-.00001
0.284+/-.00002
0.284+/-.00001
8.75
0.282+/-.00001
0.284+/-.00001
0.284+/-.00001
9
0.282+/-.00002
0.284+/-.00001
0.284+/-.00001
9.25
0.282+/-.00001
0.284+/-.00001
0.284+/-.00002
9.5
0.283+/-.00001
0.284+/-.00002
0.284+/-.00002
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Table E.4
Group 3 Experimental Data 11-13 Ply Laminates/ 38-120µm sized particles/ No
embedded delamination
Position [[0]6/m/[0]5] MSP-2.5g [[0]6/m/[0]6] MSP-2.8g [[0]6/m/[0]7] MSP-3.0g
0.25
0.283+/-.00002
0.284+/-.00001
0.284+/-.00001
0.5
0.283+/-.00001
0.284+/-.00002
0.283+/-.00002
0.75
0.283+/-.00001
0.284+/-.00001
0.283+/-.00002
1
0.283+/-.00002
0.284+/-.00002
0.284+/-.00002
1.25
0.283+/-.00001
0.284+/-.00001
0.284+/-.00009
1.5
0.283+/-.00001
0.284+/-.00001
0.283+/-.00002
1.75
0.284+/-.00001
0.285+/-.00001
0.284+/-.00009
2
0.289+/-.00001
0.289+/-.00002
0.291+/-.00004
2.25
0.292+/-.00002
0.294+/-.00001
0.295+/-.00002
2.5
0.291+/-.00002
0.294+/-.00001
0.295+/-.00001
2.75
0.29+/-.00002
0.294+/-.00001
0.295+/-.00001
3
0.291+/-.00001
0.294+/-.00001
0.294+/-.00001
3.25
0.29+/-.00001
0.293+/-.00001
0.293+/-.00001
3.5
0.29+/-.00001
0.293+/-.00001
0.293+/-.00001
3.75
0.291+/-.00001
0.293+/-.00001
0.294+/-.00002
4
0.291+/-.00002
0.293+/-.00002
0.293+/-.00001
4.25
0.291+/-.00001
0.293+/-.00002
0.291+/-.00002
4.5
0.29+/-.00001
0.293+/-.00002
0.292+/-.00001
4.75
0.29+/-.00001
0.292+/-.00001
0.292+/-.00001
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Table E.4
Group 3 Experimental Data 11-13 Ply Laminates/ 38-120µm sized particles/ No
embedded delamination
Position [[0]6/m/[0]5] MSP-2.5g [[0]6/m/[0]6] MSP-2.8g [[0]6/m/[0]7] MSP-3.0g
5
0.29+/-.00001
0.293+/-.00002
0.291+/-.00001
5.25
0.29+/-.00002
0.293+/-.00001
0.291+/-.00001
5.5
0.29+/-.00001
0.293+/-.00001
0.292+/-.00001
5.75
0.29+/-.00001
0.292+/-.00001
0.291+/-.00002
6
0.29+/-.00002
0.292+/-.00001
0.292+/-.00001
6.25
0.29+/-.00001
0.292+/-.00002
0.292+/-.00001
6.5
0.29+/-.00002
0.292+/-.00002
0.291+/-.00001
6.75
0.291+/-.00001
0.293+/-.00001
0.291+/-.00002
7
0.291+/-.00001
0.293+/-.00001
0.292+/-.00001
7.25
0.292+/-.00001
0.293+/-.00001
0.293+/-.00002
7.5
0.292+/-.00001
0.294+/-.00002
0.294+/-.00001
7.75
0.289+/-.00001
0.292+/-.00001
0.292+/-.00002
8
0.284+/-.00001
0.286+/-.00001
0.285+/-.00001
8.25
0.283+/-.00001
0.284+/-.00001
0.284+/-.00001
8.5
0.283+/-.00001
0.284+/-.00001
0.283+/-.00001
8.75
0.283+/-.00001
0.284+/-.00001
0.283+/-.00001
9
0.283+/-.00001
0.284+/-.00002
0.283+/-.00002
9.25
0.283+/-.00002
0.284+/-.00001
0.283+/-.00002
9.5
0.283+/-.00001
0.284+/-.00002
0.283+/-.00001
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Table E.5
Group 3 Experimental Data 14 Ply Laminate/ 38-120µm sized particles/ No embedded
delamination
Position
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75

[[0]7/m/[0]7] MSP-2.5g
0.284+/-.00002
0.285+/-.00001
0.284+/-.00019
0.283+/-.00002
0.283+/-.00001
0.284+/-.00002
0.288+/-.00003
0.289+/-.00001
0.288+/-.00001
0.29+/-.00001
0.29+/-.00001
0.291+/-.00001
0.291+/-.00001
0.291+/-.00001
0.292+/-.00001
0.291+/-.00001
0.291+/-.00002
0.29+/-.00001
0.291+/-.00002

149

Table E.5
Group 3 Experimental Data 14 Ply Laminate/ 38-120µm sized particles/ No embedded
delamination
Position
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7
7.25
7.5
7.75
8
8.25
8.5
8.75
9
9.25
9.5

[[0]7/m/[0]7] MSP-2.5g
0.291+/-.00001
0.291+/-.00001
0.291+/-.00001
0.29+/-.00002
0.289+/-.00001
0.289+/-.00001
0.29+/-.00001
0.292+/-.00001
0.294+/-.00002
0.295+/-.00001
0.293+/-.00001
0.285+/-.00002
0.284+/-.00001
0.284+/-.00001
0.284+/-.00002
0.284+/-.00002
0.284+/-.00002
0.284+/-.00001
0.284+/-.00001
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Table E.6
Group 3 Experimental Data Accidental Ply Laminate/ 38-120µm sized particles/ No
embedded delamination
Position
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
3.75
4
4.25
4.5
4.75

[[0]2/m/[0]2] MSP-2.2g (Spill)
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.287+/-.00001
0.292+/-.00001
0.291+/-.00001
0.289+/-.00001
0.289+/-.00001
0.291+/-.00001
0.29+/-.00001
0.29+/-.00002
0.29+/-.00001
0.289+/-.00001
0.289+/-.00001
0.289+/-.00001
0.289+/-.00001
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Table E.6
Group 3 Experimental Data Accidental Ply Laminate/ 38-120µm sized particles/ No
embedded delamination
Position
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7
7.25
7.5
7.75
8
8.25
8.5
8.75
9
9.25
9.5

[[0]2/m/[0]2] MSP-2.2g (Spill)
0.289+/-.00001
0.288+/-.00001
0.288+/-.00002
0.288+/-.00001
0.288+/-.00001
0.288+/-.00002
0.288+/-.00001
0.288+/-.00001
0.288+/-.00001
0.289+/-.00002
0.29+/-.00001
0.287+/-.00002
0.285+/-.00001
0.285+/-.00001
0.285+/-.00002
0.285+/-.00001
0.285+/-.00002
0.285+/-.00002
0.285+/-.00001
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